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SUMXARY . _- .Y \ d \ ; . 

/'. -- 
Tests on the use of X-ray diffraction methods for de- . . 

/! 
termining surface stress distributions in hotcheri tensile 
bars and in the vicinity of a welded joint in aircraft .- --. -- 
steel tubfng are descr'd'bed. Data on..the effects of stress - L 

i and degree of notching on the principal stresses and stress- .: 
i concentration factors 

wore bbtainod. 
for flat notched tensila-test specinens 

For 'the 'greater 'part'tho results confirm 
previous analytical and photoelastic determinations o-f those -:-- 
quant'itios. .It was found that X-rap techniques were. of * I -_ -. 
limited vnluo for dotormining the direction and tignitudo-of -'-.-"= 
residual strasses in weldments sinco:the coaditson of-the 
netal'was such as to.provont an accurate dotorminntion'o? " 
tho'lattico parambtors. '. ._ . ..K .- . 

, , : ..;- -. 

-* 

:: .* -- . . . . _ - : 
, ,.’ . _--- 

INTRODUCTIOB . . ,," . : . . . ? . . .-y- 
2. L --, --. :. 

Among.the"p&oblems interesting i?C, the aircraft industry 
which might be.sub'jgct to a commercial~applfcation'~of K-r&j;-- 
stress measurements are (a) the distribution of stresses --- 
under load in;:strukturei of changing sect~on.;'br.,'rnbtchodff -- 
sections,, and;,(b) -the.distrSbufiop of ~esidualF&tresseis in . 

_ 1&--L.----- .: ! .::;: ;' A:- -- - ._ 
Note - A'6*o&lete an'd detailed report':oh';this investiga- 

tion containi.ng-information o;i'the effects.'of.vari~~ie~.ih 
--- 

the metal c,ondition and exjkkimental techn,$que on the'&-rgi-. - --c ..---.._. ..-. - - -_ .-,. ..-. - -... 
measurement 'of stress.may'be'ob'taihed on,'lo&n-from the Office 
of Aoro&uticdl Intolli'gence of the Na$ion&x, A$.pisor$'Commit- __ 
tea for Aeronautics, Washington 25, D:'C.-"“ . - . . . = ---._- 
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,.. . . ,. . 
welded structures'. "Whflo some investigations in these di- 
rections have been carried o,ut previously, as discussed in 
reference 1, they are not .suff.iciently .extensive to reveal 
the general appzicabilit'y of the 'X-ray diffraction method 
to such problems. 

Consequently, of these two'groups of problems, one 
special problem in each group was selected. The investign- 
tion was particularly concerned with the reliability and 
accuracy ,of the stress measurements and ,.thoir general USQ- 
fulnoss. 

This inveatfgation, conducted at the Case School of 
Applied Science, was'sponsorod by and conducted with the 
financial-assistance of the lJationa1 Advisory Comnitteo 
for Aeronautics. 

X-RAY DETERMINATION OF STRESS DISTRIBUTION IN FLAT, 

NOTCHED TENSILE TEST BARS 

Previous Histor_g -a---- 

Tho X-ray diffractibn'mothog of.strosa dotermination 
would soom to possess .some outstanding advantages, accom- 
panied b-y some disadvantages'., when app1ie.d' to the. study of 
stress distribution' in structural members. Structural parts 
frequently differ in'section, shape; and 'size, sometimes 
very suddenly, resulting.in a very nonuniform stress distri- 
bution close to the section change .or "n.otch."l This stress 
state is characterized by steep stress gradients and high 
localized stress peaks, or !str,sss concentrations." 

For this reason, a study of notched flat bars subjected 
to tonsion was.undertakon in order to study the merits and 
possibilitie.s'of tho X-ray method as applied to notched 
parts, ,particularly of metals used in aircraft. 

II. 
In'relation to stress measurements in notched sections, 

the..%ray metho&"has the inherent advgntagoslof using a - -. ̂  
small, gage length,, o$ 'Drov‘idin.g: a con-benient method for. de- 
termining the comple$e'stress state, and of providing a 
method for the defermintit'ion of ti'tresi Ilot'only in the olas- 
tic, but also in"tho plastic strain regions. Machanlcal-and ------a----- ---------------- 

'The torti "notch," is used gonorally for any type of 
sudden section changes. 
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.photoolaatic methods do not permit the dotormination.of'tho 
stross in the plastic strain region. Photoelastic moasuro- 
manta, howcvcr, enable the analysis of tho stress distribu- 
tion in tha olastfc stross sta'to very accurately. Juch mea+- 
ure-masts and the results of thoorotical investigdtf,on,s may _- 
serve as the basis for the evaluation of tho X-ray method"'ti‘s' 
xppli~d to thisproblem. . :. 

Wumoroua attompts have been mad8 t‘o determine the 'effe'cts 
of notches, holes, and so forth, on the stress distribution 
cnusod by elastic loading (6o.e rofcrenco 2). The discussion 
hero is restricted, to investigations of flat and ~circ'ulaf : 
bars, providod with a local reduction of the section by an 
oxtoraal notch, and subjected to pure tension in the uniform 
soctiop. ; ' ' 

. . . . . L 
The maximum value of longitudinal stress or nstress 

poakJ1.w&ichiis created by elastic straining of r&m3 and. - 
flat,bars:of infinite width and provided with notches of' -- 
hyperbolic.profi& has been calculated by Neuber '(reference 
31. Thi's stresV$,peak at the bottom is given by'the oxpre$- 
sion: - i -.. 

. 
I- 

Par round bars: S /d . 
. . ._ =x 

=s /d 
/ r . . . . * 

- 

*_ . . . 
4 '. . .- 

For, &,t. bars: Smax = 1.3s r 
J 

'-‘d *' "' ,.. . - . 
. . I, I - . . _. . .. . 

. _ .’ 
.-.,.. _ _,. .-- 

where 

s "'. .', av&&*g&'tbhsion (load divided by the.area ~f'the~n-gtchod& 
L * '."~m~~.~$~onl) ..:: ;: .. 7 'If,.'; -* '... *:* 

, . . . . . . ,, ,, ,: 1. k' '; t _ 
r - rtidius at the notch botkom (apex of hyperbclag.'-' --:- '.I . r . '_ , :. '_ ; ;. ::-;. _ 
d diametor'or width of the unnotched secti;oh ' '. -.', . . . "r;,,,. :. 

. :'--I - '. .y. 
--- L- 

These formulas, however, assume inffnitcly large bar6 &nd,*" 
thoreforo, approxfmate only the conditions oreated by vary 
docp bnotchesz.'.:: I.-..~:~ i.:.! . ;::. :. I:....,' ,Y f;; ;-,, .r.-: +: I ..';L 

*. --j .,*:,.,7. .,'.;r fya, y-.:; ?.' .,* . ~ ; L.JL.,[ .-.-y--y: : my; 1 :-.,-!~- ;r. -__ --. 
Thq;ofSocts cf*ariaus factors:, .sudh*a.s rjadius '53 :-- ---'-i -=. 

notch, notch:depth/ .-and is.0 $or.th;,.hava boon f;ollawod up by I"' 
photoolastic investigations on,flat bars of 2 "tra-nsparont . 
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mntorialj sddi as aakolito, by Cokor and Pilon (roferonco 4-1, 
Frocht (reforonco.5), and Wahl and Boouwkos (roforonco 6). s 

Tho following throo typos have boon invostigatod: I 

.1. V-notches of constant dopth, 
radii (figs. 1 and 2) 

having various bottom- v 

2. Semicircular notches of various radii (figs. 3 
and 4) : - 

3. Slot notches of various depths and widths having 
a half-circular bottom contour (of various radii) (figs.5 
and 6) 

For the first two notch typos, the distribution of the 
lateral stross has also boon determined (figs. 1 and 3). 

The last notch typo should approximate tho practical 
condition in notched bar tensilo tosts whore the notch is 
usually a V-notch with a constant bottom radius. Tho moas- 
urements of Frocht evaluated for a bar of given thickness 
(= 100 percent) provided with notches of given bottom radii 

and varying depths are represented in'figure 6, The stross 
concentration factor, that is, the ratio between tho peak 
stress and tho average longitudinal StrQss in the notched 
SQCtiOIl, increases at first with increasing notch depth, 
thon goes through a maximum and finally decrease8 again 
toward tho value 1, representing uniform stress distribution 
for a notch which removes &OO'porcont of the cross-sectional 
axea. The maximum value of %ho stress concentration factor 
occurs for a notch depth of somowhoro between 20 and 50 por- 
cant , this depth boing larger for sharper notches. 

r 

Regarding tho transvorse stross, tho..photoolastic moaa4 
urements indicate that a high, but localized, transverse 
stress is prosont in tho same regionas tho high longitudinal 
stress peak- for'shallow notches (fig., 1) while B more uni- 
formly distributed transvorso stress exists in a doeply 
notched section'(fig. 3). Tho transverse stress is always 
zero at the notch bottom as roquirod by the theory of olas- 
ticity. 

.' 
* 

A few elastic measurements on fiat steel bars with a 
semicircular notch have been carried out by Preuss (refer 
ence 7) (fig. 8) and by Coker and &ilon (reference 4). 
Their results are.in good agreement with those derived 
from photoelastic measurements? 
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Commercially, tho two-dimensional stress state prosent 
in a flat bar is less important ,than.the three-dimensional' 

P state pres'eat in a round bar or a more 
I intribaie' structure,;: 

Little. information is available on ..this proble%. , 
ir ' Experiments regarding the stress distribution in round 

bars'have' been. carried .out by Berg (reference 8) on r'ub.ber: 
and by Rrac'chter (reference 9) on steel bars by mQans of. .. 
X-rays; ._ 

Both investigators agree, according to figure 7, that-, 
With a notch of a given .bottom radius, the str!-$s concen- 
trationincresses at first with.incroasing notch depth;'" _- 
however-,:.the X-ray method, contrary to the rubber tests, .. 
shows a'.mtiximum stress concentration at a rathar shallow .. 
notch and an increasingly uniform strass distributionwith 
furthor increasing notch depth. These results are in"qual- 
itative agreoment with the photoelastic meesuroments on flat 
bars. - - ._ 

Thus it appears possible to apply the information 
derived from tho photoelastic investigatio-ns-!jo a round-.bar 
in a somiquantitative miinner. 
once 3), 

According to,Bbubor (refer: 
the stress ponk in a round bar should bo 30 portent 

higher than that in .a flat bar having notches of,fhe same 
profilo on the flat sides. 

,' . 
‘. 

Material and Procedure .:= 1 =_ --- - . . ---- -- .' . .- - 
Material and Preparation of the Spedimens : ..' 

. 
The steel used Sor the investigation was $o,mmorcial 

SAB X-4130 stoe1. It was-provided in a sheet Q'.l@.'inch 
thick through the courtesy of the American SteeJ?&daWi%'- 
Coqjany., 

s. .: . i ., .: 
..L ,, -. . . . . + 'I : -.. -:-. .. -I-- 

.’ 

d 

.L 

The..s'heet was cut into strips of the app%btiplate size 
desired, pickled down to 0.100 
rolled to 0.035 inch, annealed at 
and air-oool,ed.,.The- .cvolfng produced 
so 'the strips.were.given:S percent strain on 
machine, t'b straighten: .theq.:; 

. : . , . . -, .' +. . . _ __ _. : 
After .this heat'...treat.ment and 

-the sc'a:lo was picklodaf'f and .a 
mado to determine whether or 
to produce sharp lines. It was found that th?-xoG doublet s - 

--.- -- 
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was unrosolvod imA&ating that ths,heat treatment was .too 
severe (fig. 9): .Ths,'strips wore, thoroforo, stross re- 
lieved at various temperatures to determine the optimum 
grain condition for .well-defined dif,fraction.patterns. 
Temperatures of lOCOo I?, 1240° F, and 1320° F were used in 
the attempt to deternine the optimum stress relieving tom- 
peraturo. Diffraction patterns,(fig. 10) were made after 
each stress relief and showod that the most suitable temper- 
ature was 1320° F. In stress rolioving, the strips were - 
clam-pod betveon heavy stool slates t-o prevent warping, and 
packed in a mixture of powdorod charcoal and burnt magnesia 
to prevent decarburization. Tho stress rolioving was done 
in a Lindbcrg Cyclone furnace. Tho samples wore hold at 
the specified tomporature for 4 hours, thon furnace-cooled. 
All tomporaturos wore maintained to 'f6' F of tho dosirod 
tomporature. 

The strfps wore than pickled to romovo scsla and any 
docarburization. Aftor the pickling, the strips were nado 
into tonsilo spocimons. A final pickling oporatior was 
givon to tho finishod spocimon to remove, any superficial 
cold work that might have takon plaoo on the surface in 
tho machining operation. 

Tensile tests were run on standard size specimens that 
had been given the foregoing treatment, to determine the 
yield and ultimate strengths. The treatment resulted in a 
yield strongth of 59,500 psi and ultimata strength of 81,500 
psi. E'iguro 11 shows the stress str-ai.n.curvo for tho SAZ 
X-4130 stcol in tho condition in which it was usod for the -- 
tonsil0 spocimons. 

Ono,duralumin spocimon (fig. 12), was mado from 24S-T 
duralumin shsot 0.033 inch thick. It was annealed for 1 
hour at 400° P in order to incroaso :tho sharpnoss of tho 
diffraction lines without appreciably docroasing the strongth. 
Tho annealing condition8 woro.soloctad on tho basis of provi- 
ous tosts. Tho yiold strength in tho condition as tested was 
56,000 psi. 

It was docidod to use, in tho stool spocimons, a 60' 
notch, and to hold tho ratio of the notch radius to the 
maximum width of tho spccimon constant. This ratio was ap- 
proximntoly 0.04 and produced thoorctically (roforonco 5) a 
6tross concontrntion factor of 3'.5 for the 25-percent notch 
and of npproximatoly 2.5 for the 5-porcont notch (fig. 6). 

i . . 

. . 
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Twoanotch depths were.investigated 25 percent and 5 
percent, The dimensions of the specimens are shown iu . . ,. 
figure 13. 

since the specimen was relatively short, and since 
the tensile machine applied the load by means of two pfns 
passing through the ends of the specimen, there was some 
doubt as to whether or not the applied load would produce 
a uniform stress distribution in the unnotched portion of 
the specimen. To overborne this difficulty, cold-rolled 
steel plates were riveted to the ends of the specimen, 
This, in effect, increased the length of the specimen and 
produced a uniform stress distribution since the loading 
pins applied the load to the plates, and not to+the speci- 
men directly. . I 

: : 
In the case of the duralumin specimen (fig. 12) a 60: - ' 

notch also was used. Howgver, in this specimen, a higher 
stress concentration factor was used. The ratio of the 
notch radius to the specimen width was approximately 0.02, 
and the notch depth was 20 percent. This set of conditions 
corresponds to a stress concentration factor of more. than 4 
(fig. 6). It was found necessary to rivet supporting plates 
to the ends of the specimen as ,fq the case of the-steel 
specimens. : - - ~ 

.- . - . ‘. 

Straining the Tensfle Specimens ! . 

A special tensile machine (fig. 14) designfd and con- 
structed in this laboratory especially for this-investiga- 
tion by Mr. Frank Miller, was used to obtain the various 
loads on the specimens. The load was applied thr.o.cgh a worm- 
and-screw arrangement, and transmitted'to the s$cfmen by 
means of a Hcalibrating bar" made from tubular &%.X-4130 
steel. Figure l,c: shows the tensile mach$.ne in position for 
making diffraction patterns from the duralumin ripecimen, 
The tubular member served as a means of measuri 

r 
-load, For 

use in transmitting load to the duralumin speci_enit was 
used in the hot-rolled condition, but for use with the steel- 
specimens it was necessary to make it stronger, -ror carrying 
larger loads, by annealing at 1700° I?, air coolrg 

bd 
and t'ex+ 

pering at 700' F. This heat treatment produced roportional 
-i limit corresponding to a load of 3200 pounds. The tensile 

machine itself could withstand a considerably hi&r lo.ad. 

The change in length of. this tube:'f'ar any &%ge in 
load was determined accurately on a standard 01&n tensile 
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machine, It was found, that in the hot-rolled condition, 20 
pounds produce'd &n'elohgation of O',OOOl inch in a 2-inch 
gage length, while i$"the heat-treated condition, 37 pounds ? 
produced the same elongation. The'load applied to the tonsile 
test specimens during investigation by X-rags was measurQd 
by notkng the change in length in 4 2-inch gage 1Qngth of -F 
this tube, and applying ths f orogoing calibration factors. 
To make surQ that the samQ load was applied to the calibrat- 
ing bar as to thQ spacimen, thQy wore connoctod in series. 
Tho olongation of tho calibrating bar was mQasurod with an 
Olson g&go, reading in ten-thousandths of an inch. 

The tonsi.l,e machina was oquipp.od to produce a vertical 
movomont of the spociman of 1 inch and also a complete rota- 
tion,of tho spocinon about tho horizontal axis of tho ma- 
chino. . 

On both stool spocimcns thQ first load was chosen in 
such a way that thQ poak stross would bQ approximately 
aqua1 to t-he yiold strength. Since tho yield strongth was' 
59,500 psi, and the stress concentration factor was 3.5, 
tho first load corresgondQd to an a;vorago stross of 17,000 
psi. Tho second -load on tho stool spocimons was soloctcd 
in such a way that thoro would bo plastic flow at tho notch 
bottom. If plastic flow occurs, thcro are rosidual strossos 
nftor unloading) so sfter tho stress distribution corrospond- 
ing to tho sacond load was annlysod by mQans of diffraction 
patterns, the specimen was unlondod and tho residual strossos 
wcro studied. Tho third load on tho stool spocimons was 
chosen in such a way that tho nvor;rgo stross was groatcr than 
the yiold strength, and thus, so that tho wholo sample had 
yiQldod. HGwOVor, certain difficulties .arosQ in the case of 
tho spocimon with tho 5-percent notch, so that thisload 
could not bo nttainod. Tho final load for this spocimon was, 
howQvor, nQar tho yield strQngth. ;Sinca tho third load also 
caused residual strossos, a fifth sorios of pnttorns was. 
madQ to nnalyzs thQ residual strOSs state of oath spQcimQn.' 

All thrQQ loads for tho duralumin spocimon woro chosen 
such that thQ nvoraga stress was below tho yiold strongth 
for tho duralumin. Thoy corrospondcd to nvorago strossos 
of 4300, 12,000, 33,700 psi. 

AftQr tho application of tho second load of 50,000 psi 
avQrago StrQSS to the 25-porcont notch 6toQl slpocimon, which 
was tha first to bo invcstigatcd, and afttr both the strains 
undor load and tho rosiduzl strains had boon noasurod, a 
question arose as to the possibility of a docroaso in load 



whon tho s~ocimc,n.,was,ltop,t;iiz a state of strain over such a 
e long period of .ti.no.. n.s: ,is no.'cbssa.r,,y: fb$' XLra,p' -s%rcss-. hoasuro-.... 

monts. i‘ _z McchanicaI_ tosts;'showcd t&t 'cro.op is-very. pronouncod . 
* in SAB X-4130 stool,,.,but tha,'t tie' troop occtir%:.nt a loa'd which 

.: * is 15 pcrcont loss than thd'mn$irium loi-d to :w'hich the spoci- 
non has boon prov'iously subjecto.d. Thus', to dvoi4 possible. 
changes of load during .X-ra~'ncasuronan~t:.,~~thc following 
gonoral procoduro-wasusod. Tho desired I‘o,at? WRS applied, 
and thozl backed off by 15 ;?o$cent boforo %kfng the X-ray 

OXi3GSUXQS. To find what tho strods distribution would hz~vo 
bOen at 'the dosirod lead, elastic strassos.corros?cnding to 
tho 15-porcbnt decroaso of load WQ?~O added to tho noasurod 
strcss'os. -*.. . l . * - . ; .-.*; . s . . . : _- -z. ;i ._ _' 

* :,: ,, . 
~ r . -y--u- 

.' X-ray Tochniquo .---. : :: ,"lj c-s. e _. 
.- , ". -. - -u . __ ‘-..'-'-:f; :~: 

Cobalt .%-radiation is roconmondod fd'r back-rQ,f~~dtib~"“- - 
work on at&cl's‘; while ooppor X-radiation is boat suited for 
aluninum and its alloys. Consoquontly, fh making tf;o dif- 
fraction 3ott,orns,,fron tho stool tonsilo bars, a qool'idgo . 
wotor-cooled cobslt.ttirgot X-ray t,ubo was used for the >ro- 
duction.of the &ray bojn and's Phillips-Motnllix Ciffroc- 
tion tuba with a co$por 'Cargot was uso$ for the duralunin 
s?ociaon.' Both tubos.tioso;oporatod nt 35 ktloqolts, but 
the cobalt tubo'roqliirod 10 millian~cros, whilo'*thc cospor " 
tube could b.c ,op.arntod.dt 20 millirnpore~., . _ -. 

,. ; 
In the investigat.ion of tho stool spacii%ns,- canons 

of t,ho.'Sachs bock-reflaction type wore used (fig. 16). ' : 
Th&&o'-&noras voro 'designed &nd constructod along with tho ' 
;?latO on which thoy arc3 mounted (doscribed lntar) iti this 
lsbo.ra,tory oszocially for this work by Mr. Frank Hillor. 
Tho3; ~o$~&tcjd. of ,i.flat circulnr dassatto mounted nor%lly 
98 a: jiclp+v “$X&6 ;*. -The film; with a. holo punched in thd 
conf or ;.@liC pr6toctb-Z by black gaper, wSL‘S held in the -Cassette 
by,m&ns-of.a net&l slate. The plate was provided Gith-ports 
f,gr 'the 3asi+gd'of tho X-rays. ..*s-:; . - A,..' 

:' :. .- - . : L ,', _ .- - --. . _- -._ .' 
The cn'd'e&tto. was mounted on grooved rollers tih-ich'wele- 

f'a'ste.ned on'%-$late,. . The.plztte,was adjustable. with'reepect: 
to the.X+.ay tube in horizontal and ver'tica'l' 'm.o%m'nt,. and 
ia, angie of inclina%i.on 'tiit.h the &ray .t.u,bF:!. By. means of 
these adjustme'hts','- ft :wa's -.g~,sq ible If~,~p~s.~~"t~,Q"na.ili' b'e%m of 

,X-Lags emanating fr'om the .%ube ,bhroi.& the.,.Jihhole $yktem.. : 
The roller bear ings~fpsrmitte.d $311 rotat'iqti 03 the 'cassof'te 
&bout tho X-ra$lbo&m as an,ax%.s.:.' The pin%ii"le _sysfom (f%'&;36) 
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was held in a braas s18eveztha't fit snugly into the hollow 
axle of the cassette, ,The forward pinhole was 1 millimeter 
in diam8ter and t;as 2'inChes frcm the target. The result- 
ant' beam was collimat8d Tao 0.10 inch by means of a Colli- 
mating pinhole l& millimet8'rs 'in dfaneter placed l$? inches 
from th8 forward pinhole. 
Was 34 inches.. 

The film.to specimen distance 
Pigire 17 shovs the plwte and the cas88tt8 

with. the pinhole syst.em in position. 
. . 

After th.e fir.st picture was taken. it was found that 
the silver calibration substanc8 was too large grained to 
produce a uniform diffraction ring (fig. 18). It was net-c 
8saary, therefore, to rock the film in, order to obtain an 
accurately measurable silver ring. A rocking d8ViC8 was 
attached to the,;plate that held the cassette, The device 
gave a rocking Lqotion of 2100 to the cassette. By releas- 
ing the caw aCtiOn, tt was possible to give the cassette 
a full 360' rotation.. Figure 17 shows the cassette with 
the rocking mechanism attached. 

In the casn of the duralumin investigation the same 
type of Camera tras used (fig; JS). Xt was found tbt the 
Gurslumin was of suc4 a grain siae t-hat: rocking did not 
inproVe the patterp, and h8nce no rocking device was at- 1 
tachsd. The pinhole system which was used for the invos- 
tig%tion of this specimen, was essentially the saL?e as that 
used for the st8el s.~ecinsps, giving the same focusing con- 
ditions, but,the ginhOleS ver8 smaller. The forward pin- 
hole was 0.025 inch in diaxater, and the-second pinhole 
collimated the beam to 0.0?5-inch diameter at the specimen 
surface. 

The position of the X-ra;r beam on the surface of the 
specimen, where measurements were to be made, VLIS located 
by placing a fluorbscent scr8en across the notch. The screen 
was graduated in tenths of an inch by means of an X-ray- 
opaque ink. By locating th8 beam between iuccessive gradu- 
ations, its position relative to the sample could be deter- 
mined. The thickness of the screen was taken into account 
when the specimen was in position for the oblique pictures. 

Since the strain in the metal immsdiately adjacent to 
the notch bottom was of particular interest; tztteizlnts were 
mad8 to produce patterns 0,05 ino3 fro3 the .notcb bottoo. 
Yith a beam O.lO-inch in diameter, tha X-rajlpattern yielded 
irregular results in this region, an.d usually strnises close 
to the average. This failure to register stress concsntra- 
tion might be explained by the fact that such stress conc8n- 

Y 

P 
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tratfon OCWTS 0a.1~ YitP~n_.p.:~mall,.pT2r~.pf..the. exposed area 
and possesses a.&arge,,grad+entt Such str,essek, a$p&rently, 
have little:. influe,ncs on~'Jihe,,st.ress~ p'&t;e-rh, and their ef- 
fects are unc.on,sc.iousLy disrezgardeh in,visHal.measufisments. 
Some attempts we:re;.ea.de,.. t.o ,m.ep.sure the,peak‘ stresses by 
restricting the,beam $o.,.O.OZ'.inch, but with so small a beam, 
26hour exposuqes fai$edjMto produce measurable patterns, 
Because 26hour exposu*e,s, ar$,.no.t commeroially useful, 
attempts in this direc.tL.o.n, wer,e aban'do.ned, . . . . . . . 

. . . . 
The (400) plene of e*\lver produces go rings ilightly 

greater in diameter thaa'the'rinis produced by the (310) 
plane of iron, using cobalt'radiatdon. It was decided to 
use silver as the calibratigq material (etalon) for the 
determination of the lattioe.garam$ter of the steel speci- 
mens . The silver :vas used in the form of chemically pure 
Hallinokrodt silver metal Powder, a,prsc!pitated analytical 
-reagent. It was found th#.the si~v~,r:!,~~he,n applied across 
the notch of the specfmen in.the form.of.strips, produced 
silver diffraction-lines t,~at.were.,sfther:t~o~dark or too 
light (fig. 19). . For that regso.n,:ihe'.E!taloh'~~~s applied 
uniformly to the sticky side of cellulose tape, which-was 
then glued to the specimen b;y means of, gly2tol with the 
silver i-n contact with. the.Tpecimen. This method also pro- 
duced a protective coatfing for the' specimen which preventsd 
the corrosion of. th.q. sp,e.c$+eneurface. .._ 

., ., 
*. 'For the duralnmin test bar, gold powder (minus 300 

mesh and 999.9 fine) .,was .used.:as.lthe .$aTibration metal. 
It was supplied through.the; gene$o$Ity of Ifandy and Rarman 
of New York. The mqthod of 3ppligation was the same as 
for the applicati.on of the.-silver povder, with the ex- 
ception that shellac was ~ed:$o~,hoId the cellulose tape 
to the specimen. The shellac tias dllowed to dry partially 
before the cellq&,oge.tape.:Ivas apg1de.d. Several trials were 
necessary to ge.t the gp&$.poi$er oflthe right tSlickness to 
produce dfffraction lines- of..tqre.'sase‘.Int~nsity as those - 
of the duralumin (fig. ZCI..,.,,:.. : :;,, - 

,- . - 
Assuming that.the twO.2ri~cl~al'btress~s in the surface 

of the notched bar are ilwaya parallel.and perpendicular to 
the longitudinal axis, three exaosnres in different direc- 
tions must*be.taken fn.0~8~1'~ t.9: .d.eteFmLpe. the complete stress 
state at each po.ipt:,.... -O~e.,Qf'the-ee; ebobures is usually made 
with the :9E~ray..bea~,p.eL~~~~ic~,lar %'&t'he"6&rface, while the 
other t.wo aic'e oblfque, and-$n the- $a.n:es fI9km:e.d by the normal 
direction a~d:th.e..lo~~typiaa~ .p,~~d..tr.a~nSv'.~..~:s,~ axes, respec- 
t ively . 
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The stress state was.determinediat fiva points across 
the sse.gdmen at'the bottb'm of the notdh. The stress state 
was assumed,to be aymmotiical about'.the longitudinal center 
lijle, so tha!. the distri‘bution of stre'ssss over 'only half 

* 

the width of the notphed' section'was' sufficient. These po- 
s'itions are shown in',:figura 13. For the. duralumfn specimen, rir 
the same ass’urqt,idn,a iuere made, but only four positions 
were studied (fig. 12'). F'or the 'oblique exposures, 45’ was 
chosen as the angle* between the surface and the fnoident 
beam for,the steel specimens. 

That part of the radiation from the target :las used 
which made 6O with the horizontal plane perpendicular to 
the X-ray tube.' ,'A3propriate ternslets were made so that 
the specimen might be tilted to the proper angle to make 
the desired angle with the X-ray beam. 

For the normal pictures, a tem?let of 900 - 6', or 
840, with the horieontsl was used. Par the transverse 
patt#?rns, a templet of 45O - 6O, or 39', was used, und 
for the longituginal pictures, the templet angle was 
9o" - 4O, or 86 l The templets were made of cold-rolled 
sheet and were such that when the fla.t'side of the tensile 
specimen touched the inclined edge of the temglet, the 
speoimen was in the pro;?er position. 

In making the normal patterns, both the longitudinal 
and the transverse axes of the sl>ecimen were normal to the 
X-ray beam, IJ'or the oblique.pattern necessary for detor- 
mining the longitudinal stress, the: Ibnglttidinal axis of 
the specimen was inclined 460 to'the'X%ay beam, while the 
trnnsverse:axis tvas perpendicular .tO',$t (fig, 21) and simi- 
larly for the oblique j?attern necessary for determining the 
transverse stress (fig. 22). ' 

All iive positions across half the notch (fig. 13) wore 
taken for one load and one orientation before the specimen 
was reoriented. E'or producing the patterns at different po- 
sitions on the specimen, since the beam could not be raised 
and lowered, the specimen was raised o,r lowered wits respect I 
to the beam by means of the verti&'l adjusttient 'on the tensile 
machine. + 

After the five exposures for one orientation of one par- 
ticular load were comple%ed, the s$e‘cimen was unloaded, and 
reoriented. It,'+tvas then reloaded:to the same load, and dif- 
fraction pe,tter'$s were made at the 'same Tositions. This 
process was reIjeated until the three patterns for each of 



c 

. 
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the five pos%t.ions f.or one'load were finished. The procedure 
was then repeated. for the'next"l'oad. 

. . 
In exp'osdng the film f'or.the normal patterns, full ro- 

.tation of the f91m was' used. For the patterns made w%th 
oblique incidence, the film draij rocked flO" about its axis. 

. 
Thirty degrees was choseh as the angle of oblique in- 

'cidence for the duralumfn specimen. The method of specimen 
orientation was approximately the sam,e, but the method of 

'n'roducing the diffraction oatterns' w&s &lightly different. 
The chief difference occurred in the procedure for making 
the oblique patterns. Since'the work on the duralumin 
specimen preceded the work on the steel specimens, not all 
the factors influencing the accuracy (reference 1) had been 
studied. In view of this fact, the .following is the proce- 
dure that was used for the duralumin specimen. With the 
beam at normal incidence, the pattern vas obtained in a 
single exposure (fig. 23a). For oblique incidence, t>at 
part of the beam farthest dfsplaced from the normal was 
used (fig. 23b) in order to improve the'accuracy. The re- 
mainder of the rays were bloaked out !vith a lead baffle. 
This required two exposures wftb the film in two positions 
1800 apart in order to obtain diametrically opposed segments 
for measuring. 

In the steel sample investigation, both sides of the 
diffraction rfng tvere obtained in one exposure by,placing 
the film.,in such a position that each side fell on the 
focusing sphere at the intersectiop of the cone. of diffrac- 
tion and thaafo'cusing sphere. F. 

. 9. .-. 
Since the area of the specimen covered by the X-ray 

beam As of finite size, and since, for the oblique patterns, 
the specimen was inclined to the incident beam, the s1zple 
focusing condition6 of,tp& normal patterns (fig. 23a) were 
not obtainable. The incident beam did not pass alqng-a 
major diameter of,the.sphere, but along one of the nfnor 
diameters, (fi&. 24a). Therefore, there was only one po.sition 
of the film-in which'any t$O diametrically ogposite $oints of 
the diffracted'cone intersected the"focus:ng 
distances fram the:Ispe4inen'(fig.:'2‘4b). 

sphere at equal 
For the spectmen 

orientation for deteimining-trinsverse stress, the position 
of the film was such' that t,ha"l'ongitudinal axis of the film 
was parallel to the longitudinal axis of the specimen, while 
for the specimen orientation for determining longftudinal 
stress, the position was'suoh that the longitudinal axis of 
the film was parallel to the transverse axis of the specimen. 
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In both cases, the filti't'o'specfmen distance was the same * 
as that for normal incidence. Alt,hough the rocking nec’as- 
sary to eliminate spottiness of the diffraction lines ln- 
Lrodtice.d’an, error, because of 'the fact that this position 
was changed,. the error was slight,. .The rocking w&6 only 
loo on either side o*f the true ;?osition so #that the dis- 
placeme,nt of the line due to the effeat of a strain in 
a ilightly 'different ,df;rection was'not great. Par the nor- 
mal pat,ter,ns for, the steel .spacimens, the 'same focusing 
conditions',were' used as were used in'the base of the* dural- 
umih specimen (fig. 23a). 

In making t.he diffraction patterns for the steel speci- 
men exposure times of 26 to 30 minutes gave easily measur- 
able films. It was thought that if the exposures had been 
made with an X-ray tubs havkng beryllium windows inst.ead' of' 
the conventional Linndeman glass,, the exposure time might 
have been reduce,d'to 10 minutes or less. The duralumin 
patterns required exposure .times of 41 hours. This long ex- 
posure time might be accounted for pa&ially by the small 
size of the pinholes, the extremely fine pained condition 
of the metal and an irregular metallic deposit on the Linnde- 
man windows o,f' the X;ray tube. -. 

Agfa nonscrean X-ray film was used in both cases. It 
was developed in Eastman X-ray developer from 2$ to -4 min- 
utes depe.nding'upon the tem,?ora+uro of.the' developer. Al- 
though nb'attempt'k'as made to control th-e temp,erature during 
the exposure t'i&,it 'did n,ot vary more than f4O C.of'25O 0. 

. .: ' 
The films were fixed in 3astman X-ray fix&r for about 

20 minutes, then washed 2nd dried Zn a horizontal position ' 
to preve'nt uneven shr'!i<Fa&e“in the dfreoti'o'n 'of measurement. _ --. r .- 

:,.f. 
Stress Calculatians ,. . . 51 

Diffraction patterns for the steel specimens were meae- 
.ured.~iith a comparator' (fig. 25) consisting mainly of-a 
.metric scalb and a'sliding indicator carrying a vernier. 
The indicntor rested almost directly on the film, thus 
avoiding parallax. Reflected light from beneath the film 
was usnd to illuminate the film. By.this technique film 
expansion because of heating was eliminated. Reading6 to 
0.01 centimeter were,obfainable directly from the-comparator, 
and reading6 to &;003"&bntimeter could.bc obtained by aver- 
aging a sufficient- nurnb’ej? of readings.. 

.: '.. 
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In measuriag.the duralumin diffractfon patterns, a 
slightly dlffer,en+-comparator ~'as ‘up8d. -It was capable of 
giving reading& t&‘O';OOl centimeter. A sketch of the com- 
parator appears in figure 26. A series of settings was 
made with the indicator on each line until a consistent . 
value was obtained. Three serfes were considered sufficieht 
for each film-to obtain an accurat,e average. _ _- 

lath film was checked using the same technique. In . 
mor8’ than half the total number of cases,,a single check 
was sufficient to shov the correotnetis of the value. In 
the remainder of the cases, the process was repeated until 
consistent values were obtained. Vhen the lattice parane- 
ters . agreed to within 0.00010 angstrom.units,.the values 
were averaged. . -. '. 

The checks were usually made on different days,and it 
was seen that temperature and humidfty variations had little- 
eflect on the measured 1Ebttice pdr'ameter. 

The duralumin strain patterns.were measur,ed on the com- 
parator (fig. 26) sentZoned previously; Zach film %ras‘ mcas- 
ured six times and an arithmetic mean'take'n as the true . 
value . 

In calculating the~latticq'parameter -for steel.the fol?. 
lowing method W&S use&: :m , l r.. 

; _. 

-: 

The diameters of, the iron and silver r.i~ngs..~~?r,~..f;,o_und 
by iubtr.&~.t&~~tiJie n$a~di'ngs obtEi<ne'd-Bt eXch end of the 
film. IP'he. ratio of the silver diaseter t'o 'the' iron ,d"iam'e-S - 
ter (D,,/DF~) was found by the use of five-place log 

tables. From this .,Tat %o ,., \the l-at,tice. parameter from each 
film was found gra$hld&ly fro-&the plot shown in fi re 
27a. (This graph was read to 0.00001 angstrom units. 

- ;-- *? 

Zor the longitudinal or transverse stress, the normal 
and longitudinal or transverse parameters were substituted 
fn the formula: 



is NACA TN No. 987 

r 

where 

E 
-- 

(1-b V)~sini@ 
./_ : ".' 

.a .,; ', . . 'I.1 ._ 

'L,T Longitudinal or' transver'tie stres's 

lao'L T parameter which is oblique tb the longitudinal or 
B transverse direc't;ion . 

(AO)n' . ,, normal lattice parameter - 

E modulus. of elasticity 

. 

v 

Q, 

Poisson18 ratio 

angle between the surface and the oblique incid,ent 
beam . 

. . The modulus of elasticity for steel was taken as 
a.- = 2gbooo, 000, Poissonfs.ratio as V = 0.284, and @ 
was 45 , ,' 

For duralumin, the modulus of,elasticity was taken as 
1 = 11~000,000, Poissonls ratio-was V = 0.34, and Q . . 
was 39 , 

Since everythin'g, except 'SL, (A*), and (A,),, is 
constant, the formula reduces to: 

5 = C(Ao)L - ‘(Ao),lK . 

The cons'tant K was evaluated as .. : 
15,8013,000 for the X-4130, steel specimens', and 

' 4,670,OOO for'the duralumin specimen l . 

Therefore; by multiplying fhe'parameter diffe'rence by 
K the stress aould be aomputed directly. The acctiracy of 
the lattic-e parameter.measuremepts as well as the,accpracy 
of the:constants warrarited, only slide rule accura,c;y'jn this 
last calcdldtlon, 4 .- 

, 
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: If *the*.c&loulated 'Gress was positi'i$,,:'t'he stress was 
considered ta be tensSo& .'If ft *as rie'gat Lie, it was con- 
sidered as compression. 

i- '. . : , -, ".,.<. . _-b 
Correcti:ons were' the-n agpli'ed to the calculated stress 

values of the steel spec%mens. ;: .. . -. . _ . . :- 
I’ . 

These corrections were calculated from the folldwing 
formulas: 

Longitbdinal stress 
. . : _ 

. 
= - '('L)T ) (sL)c.+ 0.056 (sL)c - 0.030 (sT)C 

. 

Transverse stress 

1 . 

('TiT = @TIC - , 0.030 (SL>C + 0.056 (S ) 
, . : : ..t: T- r?.. 

where 
. - 

(SL)T true IongJtudJnal j$.ress .: -.' *. 
(S& " " calculated longitudinal stress 

,_: carcuiated,tlansver~e strfrsa 
[.,. ‘_ 

-I -. ; _ ‘. ‘. . 

k.‘. , . 

, . . . *+ 

. . . . . . ( - 
l ; -- 

t . . ’ 
. . ,, ---. 

I- :’ 
. .: .,.. -. ..:.i.. , ,- .:. 1 ~ -. 

The stresses for the duralumin specimen appear in '- --‘ 
table I and are plotted in figures 28 to 33. The stresses 
for tthee.,:ste.el :speciqens,. appear in tables.: II and EII ,and"are 
plotSted in ,fi,gures. 34.'to ,46, :: ." r,: . . . . -' 

. ., .I... E - . . - ._. . : .._ , L : .--- --- I- _ _- _ - -. ~ . ir-. 
-.. ‘.‘. ‘.‘, 

'. a". , ..- . Ex~erimental'Results e--w---- -- 
. . :. 

. . . J 
..a, : . . 

,- . - - . . - -_ -- 

.The k-ray dif.fraktion Patterns permit the determination, 
for each set of three exposures in different directions, of 
the Vsurfa.oe .:strs,s.as~s .Ln, t,he'longituditial and transvsrse direc- 
t+ons., -: T!+e. Anves$iigatdpnSwas Zimfte,d .to a &umber of -points 

' on,.the ..s,urfc$c'e ,in the notched section for a* given spec'imen 
under..&i.ven% ~,opld..it.ions~ of. Straining. The dnd,Svidual values :': 
of stress '&.e ,as~kqb5e.d~..S.Pto the respectWe, distribution *' 
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curves of t4e”i’on:~it~u’ct:‘iri’a.l ;a’nd the .t;rahs%e’iiUe. (or lateral) 
stresses, for a’ach’ ‘ddndit:iod ‘investigated (f,i.gs. 28 to’ ‘46): I ,:: .‘:.‘.. -. _ 

A considerable i,mportance is ascribed both to the longi- 
tudinal and to the .t’r’aa”svera’e “&tresses in ‘rela:t’i’on to the 
theory of failure of metals, izi par’ticulir ‘to the theory o’f r 
failure o.f .,brittls m,etals., 
the mds’t ‘signlf’icant 

Regarding the longitudinal stress, 
fe$E’u,re’ is the .maximum value or :‘stress 

peak, as previously discussed, whfle it is the aver’ag&%altie 
of transverse stress which is of major importance, 

In discussing the results of this investigation, it 
must be ke.pt ,in mind constantly that the measured values are 
surface stre’sses’ only’a’nd it 1s subject of considerable 
argument as to their significance regardPng the stress state 
in the interior of the metal. 

Duralumln 

One duralumin specimen was investigated, illustrating 
the change of the stress pattern on loading through the 
elastic range (figs. 28 and 29) up to a load halfway between 
that expected of yielding at the notch botto,mfand that for. 
total yielding (table I), The yield strength of the metal 
was 56,000, psi, the stress concentration faotor approxlmate- 
lY 4. 

The distributions of the longitudinal and transverse 
stress under a presumably elastic load (figs, 28 and 29) 
agree with the expected stress,.dlstributions, Figure 31 
illustrates the general trend of the stress pattern occurring 
after and during plastic flow in note.hed tensile specimens 
(reference 10). , ,,, 

However, the accuracy of the stress’pattern for purely 
elastic conditions was revealed by the X-ray measurements. 
It would be necessary to increase the number of exposures a. 
prohibitive extent in order to draw.-cz+ .accurate trend curve 
through the experimental points. Futithsrmore, X-rays are 
apparently no! suitable for the deteqiination of a very steep 
stress grsdisnt, as will be discussed l+.t,e.r.. , \.’ ’ . .-. : 

The distribution of longitudinal !q$&$iQyunder .an aver$ge 
load’stress’.g.f 33,700 psi, or 60 percdnt’:of She yield strength, 
(fig. 30) illustrates one point in the i$read-6f plastic flow 
from the not&h bottom to the center of.the specimen, resulting 
in a conslde$able decrease of the‘itress’concentration at the 

. 

f 
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notch bottom,. tAl,so, the distr$bution of the longitudinal 
stress does not conform. to that'expected,.,in that the str.es$. 

rI 

at the notch bottom is d.efinite,ly 'less than the, s,tres.s at 
that point at the moment of y,ielding. Th,is ma:y' b.er: pue to. ' . 1 
an effect, of creep. similar to relaxa,tion, _+_'- r --- 

- ;-. -. 

This .stress pattern rather.$o.rre.sponds to'that of th'B *. 
specimen, loaded up to an.. &.v.erag'e. "str'e]ss of 43, 000 psi and' .*,(' - 
unloaded to the actual average stress of 33,700 psi. A&': ... 
suming that such an unloading by.lO,OOO psi average stress 
create's';onSy elastic stresses of three-fourths the amount 
shown. ,.ip 'figure, 29, th6 assumed 'stress distribution under a.-: 
load :d'f &3,,000 -p-s.i <ve?iage would be .obtained from the -actua3* 
dis3riVbutio'n under -1t'h.e bad. .of 33,700 psi (fig, 30). plus ' ! 
appro'xii@atBl,y th-ree,Yf,o.urths. ,of -*he stresses under the 'l'oad . 
correspondi.ng' to, 1~2,9OO',psi average '(fig.' 29). . A t'e'st "of r '.- 1 
this .ty,ij.e. on st,'e.eJ yielded a stress distribution (f,i'g,: .34a') :,. 
quite ',si.milar to :that' obtained on the'duralutifn spe'cimen' .* .: 
which -fas subjected to the high load.for 'a long timrj, .'. . ::; . ._ Ii 1 : 1. 1 -... .- . . 

The residual'stres's distribution curve.(fig.--32.) &grees ,-; . 
well with that expected, in that it can be bans-tructed!'from 
the curve corresponding to a load of *33;700 $si.average by . ' 
subtracting a.hypothetical elastic 'stress distribution .fcr : 
the'.sams,"ioad (fig, 33). r ,. '. I'n thB.pro66ss of.'unioading*to 
zero load; there should be some .plastic flow &t-the not& I': 
bottom. The peak stress of the elastic dbstribut<on,,whfch ' 
must.,,be subtracte.d,to represent the prpcess of unloadin.g, is 
very' q!fSh, Xf it.is greater'than twice the'yielId strength, 
then the ry%&ld strength ~n~dompression~wil1 be re.aoh&d.-before 
compl$teYuniqading has occurred,' 
plaZ$,.,:$owc,qer,. 

and-plastic flow will take '. 
thi$effsc&'should be'fniignificantinscfar: 

as it'.FB1at~s'rtr,'th~':~ene~al's~ape of the res~lduicil"sEr&~$ ^:--' ' ' - .' ' ." . patt-y;rn; $xceif:'$or"$he saints in the immediate'vicfnity-Jof .' 
the hof$$;bottom +!h,ich cannzt be investigated r&adily;-by'. 
X-ray,.s$i;egs :mea$urementl .- : -- 

.i‘ - . : ; ; * . -, 
: ‘1 ;>..: -- . . . . ,i’ 7. . <z : 

. 
,.- : ,, :’ __., . 1 _‘: *a - . ‘,I( .‘: SAE XL4130.Steel ,' : *- " : . 

c - . - , -1 ;. . - %. .> ._ - .- : : :' : , ;I 1. L -.z -.: ._: . . . ,,S' 
frw.0 st$e1"spco~mens ; fprijeided with'notches‘oi.Fand 

. 2S_geycept,resi?e~t'ively, .. .., I I;re$e investigated In some d&t'&il; . . I. I, 
The stress distribution of the 25spercent notch specii 

men under a presumably ylastics..oad was not det.ermined,.ac- 
cur's t e 1 y.. 1'. -: .Th.e s'%bdy. of t'hii loaa was' the f%rst 'attempt in 
this, d~i;r.g'ct.fon, a& far as. 6'tse1.'sD.~ci'me'ns-.rr~~e >-ceern.ed . . * .; t 
and" the' cal'culatedi val'ues scattcr8d.. to a .la.rger ext.&nnian f: 
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those of la’tsr determinations, yielding.no definite’ stress 
pat tern. This scattering.was attributed to the spottiness 
of the diffraction lines because of mechanical difficulties 
in the rocking mechanism ‘of the camera, The absence of a 
definite stress peak in these tests (table II) might be 
attributed, also, to the fundamental difficulty that steep 
stress gradients are likely to be missed by X-ray stress 
determinations, This will be discussed in more detail;’ 

. 

Longitudfnal stress for 2%percent notched specimen, ---a------ m--L -- 
The longitudinal stress distribution for the F;O,OOO psi 
average load on the 2-5percent n,otched specimen (fig. 34a) 
is in good agreement with the theoretical.distribution. The 
spread of the stress peak toward th.e center of the specimen 
indicated that the metal at’the notch bottom had flowed 
plast icafly, while the metal in the center of the specimen 
was still under an entirely”elastic, strain. This is verified 
by the’diffraotion patterns for this, series of tests (fig. 47), 
which became blurred in the vicinity of the notch, while they 
remained sharp in the center .of the specimen. Since the metal 
at,‘the very. no’t’ch ‘bot’tom ‘s,hotied a stress of approximately the 
yie,ld strength,” it might be assumed ‘that the extent of plastic 
f1b.w was l’imited, 19 the metal flow had been extensive,.. .the 
metal .adjac’eri%’ t’o. the- ‘notch would have strain hardened, and: 
would ha’v’e b’e’dn’ c&pible of bearing a’ stress ,i.n-, exe-es@.. :of., .t.@s 
yie.Yd!‘etren’gth: of’ Fg,!$Ob psi,’ : ’ 

: . . ,I 1 y*! s.,,. : :*e ,.. -c.. L _.b *+.;‘. .:‘,a . 

c 

Y 

‘., (’ The lo’hgit’ud’inaf residual stre8.s distrlbut>on.fd’r!, t..hi::r 
F;J?iOOO: pkri ~a?e$iagb-‘~oad is .shown in .f igure 36a,. R’e s i&a&,. .’ .: 

t ‘b%r’esa” ‘rYstil%s”‘f rb&, $laetic flow and in the usual case’ Is ‘. ‘: 
th’&:?Lii:fe:reri’c’e’: b*e%Leen the. actually meas’ured st’re‘ss. dls.‘t’r’&‘: 
‘b&i b,b:’ ,.&dd’bsr ’ ‘!J 6 &‘d 1 ’ &nd the ‘s’lastic distribution that. would 
hav’e,‘..r’~:S-irlJt,~~d’ ha’s the. specimen been able $0 carry the load: .. 
e’Las%hh&i~l~:’ “,Iil other words the residual str’ess dibtribu--’ 
tfon”..highttbg.‘oBtained ap$rokima’tely’ by” subtracting the 
theoretical elastic stress distribution from the measured . 
stress distrfbution, However, such a hypothetical elastic 
stress distribution fo? a high load. cannot be determined ex- 
perimentally, while the’~dctual”btFetis distribution under load 
and the residual stress are subSect to actual stress measure- 
ment, .::rCdnsequently 1 .by’subtiaotlhg*the resrdual stresses . . 
from’the,~actual:Stresaes(“th~‘fS~~it~~us elastic stress dls- 
tributfon is obtainable, :.;fr,.‘! ,) , . .I .;. .‘i;, ‘,‘.,- ‘;,.J ia.1 ‘;:: :‘! ‘- :. .. . .. .-i:, ,’ 

. Figa~e”37alg~.~ws’t4ls ‘fict:Ptib’;s. (‘elastic) .stress dis-. 
trilbution ‘that’rds’uitdd '$+ori .subtr’action o’f the’residual 
stressets ‘fb-F the .5C, 006 .ps’l average ,joacl ,( f,i;g,’ 36a) from the, it .’ ; 1 .: : ;\. ‘i ._ ; -, . . : . ,: - .z’;Q.;. , 
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actual stress distqibution for'the'same load (fig, 34a). 
This curve agree-s quite well with the proposed theoretical 
distribution, .Here again, however, it was Impossible to 
determine the height of the peak accurately. From the 
trend of the curve, it can be seen readily that the stress 
peak might rise .to three time.8 the average stress, which 
is in agreement with the stress.concentration factor of 
3.5. 

It might also be noted that the integration of the '. 
stress distribution curve (fig. 34a.) determined by actual 
X-ray measurement'was 50,000 ps,l average, or equal to the 
actually applied load. 

Figure 35,$llustrates the experimental stress distrf- 
bution obta:ined:when the 25 percent. notch specimen was loaded 
to 70,000 pq+.and then unloaded to 59,500 psi average, The 
reasons for the unloading were twofold. First, it was 
thought that the stress distribution obtained from this pro- 
cedure represented a more stable stress state than the pro& 
ably changing stress distribution under high loads, which 
results in If creep" of the metal. It hasbeen discussed 
previously that the stress distribution resulting from the 
high load on the duralumin test bar (fig. 30a) gave a dis- 
tribution curve that did not conform to the expected shape. 
The method of partial unloading gives some control over the 
stress state of the notch section. The nominal load of -- 
70,000 psi average was maintained for only a few seconds so 
that creep was negligible, Experiments discussed prevfously 
in the experimental procedure showed that unloading by approve 
imately 15 percent of the applied load would prevent creep. 
With the elimination of creep, the stress state becomes 
stable, so that the diffraction patterns for the applied 
load represented the true stress distribution for the applied 
load. '* - - . . 

The second advantage of partial unloading was that the 
stress distribution obtained would serve as additional 
evidence as to the,:validfty of previous conceptions regarding 
the stress distri,bution in a notched and overstrained bar and 
its changes on unloading. 

However, before entering iatb the discussion of partfal 
unloading, another phenomenon must be mentioned which fs 
apparent from figure 35a. The average longitudinal stress 
in this case does not agree with the stress to which the 
load was relieved, 59,500 psi average, but is much lower, 
approximately 50,000 psi. As suoh a discrepancy has been 
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obserf’&d only ~ft’i+ loadin$’ td” the high load which caused 
plastic ‘f-lo%’ t!h’r’&&bu$. the :n’ofc’hed y section, the observed - 
low averags str&s’i %0.s4,; bd”a2tribate.d ‘to a nonuniformity of L 

the stress through. 5hc”t’iiLcknes’s ‘of, the specimen; In other 
words, the def.icicti&j df,’ the’ ‘stY’sa% “fatind in the.‘surface 
layers must be cod.ljs~~‘asto~‘-f’or’.~p a h:‘gr.trr stress In the in- 

v 

ner fibers, Thf 3’ ucti~ciu’~::i on Ys i.ti tiei eeinsnt wffh tke generth 
conception of plastic flow in a polyorystalline aggrogat.e;. 
the crystals of which :are plore restrained in the interior 
than at the surface,“’ + :.; L -> yi-<. .- 

Such a relation would’ e’xplain, “‘also, that the residual 
longitudinal stress usually dJes not average out to eero, 
but to a small cllmproysive stretis, This is explained by the 
fact that, subtracting an elastio stres3”distrfbutlon from a 
distribution which 3hows higher tensi’ons in the interior than 
at the sur.face, the total resultant of’ the difference ,being 
eero, -Would c’re’at‘e co&$r’e’ci’sSon at the ‘s’urf’rt’ce, L a. 

These relations do not destroy the validity of the pre- 
vf ous manipulat i ens, regarding the 70,000 psi average load, 
but it should be borne in mind considering the stress distri- 
butions, Furthermore, since these discrepancies were noted 
only for the highest average load, and since the phenomena 
that explain them result from plastic flow throughout a major 
portion of the notched section, this discussion will apply 
only to that load .which produced. a large amount of plastic 
flow, that is, the 70,000 psi average load. ‘. : 

The distribution of longitudinal stresses for tH6 
70,000 psi average load which was relieved by 10,600 psi, 
average (fig. 35a) shows that the stress peak is not Bt *the 
notch bottom as in figure 34a, but is at a position approxi- 
mately 0.25 inch from the notch bottom, This difference ih 
the location of the stress peaks can be accounted for by the 
fact that the unloading, which was presumably elastic, caused 
a greater decrease in stress at the notch bottom than elso- 
where, thus leaving stress peaks at a point below the notch 
bottom. Since the specimen was relieved by 15 percent of the 
initial load, this relief must be taken into account before 

. 

the stress distribution at the initial load can be calculated. 
Because the 15 percent unloading constituted an elastic relief, 
an elastic stress distribution for an a;ke?*hge stress of 15 per- 

P 

cent of 70,000 psi, or of ‘about 11,000 pa?., had to be added to 
the actual distribution curve (fig. 3fia) in order to determine 
the distribution before the unloading. Aal there was no way of 
actually determining the elastic stress distributfon, the 
theoretical elastic aurve for the 50,000 psi average load 
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(fig.' 37a) was taken. as,.. reprej3entative of an elastic distri- -. 
bution. - - ..-_ ...-c. . . .* ,, :,. 

Figure 36a shows 't'h'e.hypdthetl~cal distribution of the 
elastic longitudinal stress for' ati"average stress of 11,000 
psi, which was constructed'f.rdm.thi theoretical elastic dis- 
tribution for the.SO,OOO psi average load by reducing all 
the ordinates proportionately. This curve was added to the 
actual stress distribution curve as determined by the X-rap 
measurements, andthe curve that represented the actually 
applied load was,.obtained (fig. 39a). The metal adjacent 
to-th& notch bears .a, load en excess of the original yield 
stren'gth of 59,500 p’si’ avsrage. This is in keeping with 
the theory that the'.metal 'at the notch bottom flowed plas- 
tically and so underwent 'some degree of strain hardening, 
The center elements of th,e,specimen carry a load slightly 
below the original yield 'strength, This would seem to indi- 
cate that although the average stress was,we/l bego-nd the 
yield strength of the material, the distribution was such 
that the center elements'of the ,specimen:~yere,8t,ill Qpder 
elastic stress, ! . ,.-*' . 

. 

. 

. . 
Another possi.ble Bxplanation of,%hiG dip in the center 

of the stress distribution curve might be the previously -- 
discussed phenomenon that th_e surfac'e crystals of a crystal- 
line aggregate bear less. stress than the average stress-fcr - 
the aggregate; 

.I 
The integration of the-curve represent.ing the longitu; 

dins1 stress while under load (fig. 39a) gave an average 
stress of 60,000 psi, while-the applied stress was 70,000 
psi average. This is ag.a!n'in keeping with the theory of 
uneven distribution,,%of the'stress along a line perpendicular 
to the surface. . " 

I 

c 

. %igure 40a shows .t.he longitudinal residual stress dis' 
tribut.i.on for the ?O,'dOOA,psl'average load, The curve is 
simi'lar to that of the Longitudinal restdua.3. stress curve 
for the precious load .of, '?C,*OOO psi ave.rade,,(fi$,g.. :3.6a)-. 
The compression at the;;:notch-bottom is-:muc1;~,4j~~~-,;e~s would 
be anticipated frgm,.theLfBct ;th&t the streg8,~I?s~~,Bf't.he cor- 
responding fictiti.~us_e~asf~C stress distr$butio:g'i$~~prbpor- 
tionately higher fol;.fhe higher load. *Howevet, th&'.increase 
in actual stress with' increasfng.tload,$s relafively"'unSform 
over the cross section:'because,of:the.,.effectsGof plasfrc flo-w, 
Thus, when a much higher elsMi.c~streps. peak.. 1.8 subtracted 
from an actugl.stress that is only sl.ightly higher, the result- 
ing residual.+ gt:ress WdU~;a ;h$vg,a,.larger value in compYression, . 

. *:. z?q*'. -LI '. ., '5 61 ,: 
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In the residual stress curve for the 70,000 psi average load, 
the tension peaks have moved in farther toward the center of 
the specimen than is the case for the 50,000 psi average 
load. This, too, can be accounted for by the shape of the 
fictitious elastic stress distribution-cqrve. The tension 
aeaks have a wider base, and consequently when they are sub- 
tracted, the tension peak8 remaining in the residuql stress 
curve are' farther from the note+ hottom. 

When the longitudinal residual stress was subtracted 
from .the actual longitudinal stress for the 70,000 psi 
average stress load, the fictitious elastic stress distribu- 
tion curve shown in figure 41a reaulted. This curve bear8 a 
striking similarity to the theoretical elastio stress curve 
for the 60,000 psi average stress load (fig;. 37a). The 
stress peak8 again rise to a value that might be 3.5 times 
the average stress of the fictitious elastic distribution for 
the 70,000 psi average stress. The average strese determined 
by integrating the curve was 69,000 psi. This is in close 
agreement with the actually applied ,load of 70,000 psi aver- 
age. In other words, ,the total unloading causss changes of 
stress which are practically only of an elastic nature, and, 
consequently, for the sur.face do not- differ materially from 
those for the interior fibers, 

t 

Transverse stress for the 2ftr,ercent notched s.T)ecimen. ----- ---- ------ 
Figure 34b illustrates the transverse stress distribution for 
the 2F;percent notched specimens, strained to the average load 
of 60,000 psi. The transverse stress is zero at the notch 
bottom, becomes a maximum at a point. 0.15 inch from the notch 
bottom, and then again decreases to a-very low value in the 
center of the specimen, Such a stress distribution agrees 
with both theoretical conceptio.ns and photoelastic measure- 
ments, as previously discussed. 

%igure 36b shows the residual transverse stress distri- 
bution for the 50,000 psi average load. It will be noted 
that the transverse residual. stress .has approximately the 
same distribution curve as the longitudinal residual stress, 
with two except ions, The first is that the stress at the 
notch bottom must be zero for the transverse stress, while 
it is probably high in compression for the longitudinal 
stress. The second is that the longitudinal residual stress 
in the center 18 compression, while the residual transverse 
Stress in the center is tension. 

Subtracting the residual stresses from the actual stresses 
in order to determine the fictitious elastic stress distribu- 
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tion was also used {n r$ge$% to the,transvg?se .S,treSs. .. Ffg- 
ure 37b 'firia~~"f'he:':rB~~lt.~g:~ d.iStr%buG+o,g @+ch;k$ agai,n,in 
agreement”rSi’fh*th:e gen’ergr& accepf8.d c$@ce.ptions. , . 1 .* I 

d The distribution of .the, transve,Fse, ..q,tr.es-s. under .an 
average loi2 .of'.Fj9,5QO,' ‘.&ft$,r unl..oVadin.g from -am average-. ' :_ 
load of 70,600 ~81 (fig, :3F$) shows ,t,y:,o si-gnif.icant phe.nom- 

- ehti, $irst, the stress peak, ba,s :mo'v.e;d-..c:l,ose.r t.o the center, 
.appearing at 0.25 inch from the, qotc&..bo-t.torn,;’ and’ secondly’, 
the average transverse stress ,y>+, -incz.~aj3@, !eAm.+S., in’Lpyo- 

. .por(t,i,os to-the average, long.&;tudina+ stre,ss.,, ..-- .,h-.~ * :-- : i*Gf 
..: -<c, -1 . I . . 4 .. .,t .I %.I.'; ;,.-r*. .-. I2i-3.~ 

The effect of unloading'by 15 percent is presumably . 
purely elastic, as iblustrated in figure.:8:8b.:: Whe~.f’his. 
curve-was added'to- the.,actual stress di~trdbu%ion:&s dentre'rA 
mined by X--r&y!; 'the'c&ve a.ho$n in figur,g.39b r~esui.t~~r%-.~,' 
This: curve represent@ the lateral,dfstr$bution for.the ':-.a 
applied. load of 70,090 psi average. . . :..,.'..,:., . .; Cr. 

I -, _. -- ;.. ,.'..; 

Figure 40b shewe the transvers.6 reiidu&,stredaes for. -. 
the 70,000 psi average -load. This cudve...$;~~Yqf_milar to the I: 
lateral residual ;st?ess curye fd$.F0,1Q0.0ye~i.r4y,erage load, i 

l However, as expedteti, the diitr$.butiqn .,:o$..~t,h+, 70,,000 ~s'i . . 
average 1ateral"re'~idual stress *.u'r& shows greater corn- 
pression peak8 and higher tenslo.r+ :I& $@:penter 'ofbthe 

z s$e.cimen. ' *,' ;. b ;,-.,-I .C.r\ :: _I -- ,*;;I. ..; . 
When t.h&-s& l'ateral residU&,~:~~~~~~~~~~. .,iqi &hey.,'kTG, 6:0@$' r:‘.7 

-/a 

psi average",>.o'ad (fig. 4'0.>:),> w’r$,, s$bt_re~ated~ from the c-urv.e ! 
representi%g’Vhri,‘. lateral' .s~,~,~,?s. 'd$:stribut>!on. for the' t.o%.al-; 1 
load of 70,OOO’psi average-.i:.ig’;‘39bj a; f~clt~tious:ePastic I 
distribution for the lateral SttieseeS under a load of 70,000 
psi average was obtained (fig. 41b). This. supe agree% with 
the one regresenting the fictit:ous ,elastlc,:dlstributlo~~~f~~ 
bher5iS;OOQ psi'average load,. 'The stress,peak is in,:bothrIn' 
&t&&55$ at':a$proximately the same'place,. :while!.th8,'Eea~Joon!! 

..Sn’ ce&ti’d$ igTfser-eased more than ‘19 ,prqportioa .to the .a$pri&a -. 

M 

t 

could not be 
sitivity of the X-ray .method&.Inthis case;fhe stress peak 
WSS’ thought t*o"&e' 'of ai$fici$#tl*y:l narrow width+that .it: was.::. 
not apparent in the diffraction ‘p’atterns. Since the beam 
covered 0.10 inch of the notch width, the displaced diffrac- -- 
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tipn l$ne+.due to a sharp peak. might- iot be appa’r’eh$ wh’en 
* I 

inpluded wq%b t.his,.more: in’ti’nie line due to, &. un)‘~~kpl,~st.~ess 
in the larger.regioa .of ad.jac’ent metal, ’ 

$l.gure ,42.shows the stress dietribution for an average 
stress of 17,000 psi. ,With the stress ooncentration factor 
being appr0xtmgtel.y 2.5, this load was well within the elas- 
tic range of the #steel. The longitudinaltstrese distribution 
Cfkg. 42a) shows, no stress 'pSak8, but &-.&verage value of 
lEI,dOO ..psi, in agreement with the diptilled load of 17,000 psi. 
The transverse distribution curtie (fi,g, 42b) 8hOWS a uniform 
scattering about the zero line. 

:... . . .! I ’ . , .L (; , ,. ‘.. .:< -. 
‘l?fgure:*&3 shows .the distributdon for the & 000 psi 

aTera.& load wh:i.o.h nss~~unl.oaded by 15 peroeab ‘30’25,,500 psi 
average.. The sp.egi,men was ‘unloaded again with the thought 
that ‘there *was plastic ‘flow at the notch bottom, and the,.’ 
relief of a portion of the. load would prevent creep. The 
curve8 show a uniform stress distribution in the ,ca+e. of the 
longitudfnal.stre8ses, and again no lateral stress; .The X-ray 
measurements yielded an average stress of 22,OOO’pSi; which 
is not ,sufficiently-*different from the applied average, load 
of 25,500 pail.1 averaghs to draw’any definite conclusion;, 

Sinqe it was .&ought that plast fc ’ flow ‘had ocourred, , the 
specimen was unloaded entirely after having been subjected to 
an average 8tre88 Of 30,000 pai, and re,si.dual stress dater- 
minatione were ,made (f.ig: .45) ,’ N’o, ,resf’dti’a,l s’tresa exceed$ng 
the aacur’acy of, fhe.:ms:thod. was ‘found’, :a The soatterlng might 
be attkf$uted 40 experimental error;’ o$‘:%p slight residual. ,__ 
stre.as.es.;intr,odUcBd~~ &n th’e pPocess, p,f’.$&king the spicf~n~~l, * 

. ., ; >. .,I I 
,;$t.‘was desired toihavethe highest’ load.exceed.the . 
d p.$rength.of: the material; but ‘the dlff+&iilt~{‘&. if pro-’ 
pg. g#ficient straknl.te ‘cause s$preciable str&in ,hasdtfn-. 
Rq?$$hitad loading ,the:L&pB’OP’men ,to the desired hoad* . . The a 

SPeq$$tq.n, was, loaded to 50,140d pfi,:a+erage, . then unloaded 1.5 0 
percent to 41,400 psi average. Figure 44 shows the distribu-’ 
tion curves that resulted, 
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X-RAY DETERMINATION OF RESIDUAL STRESSE$,IN..A-- -- 

BUTT--WELDED SAE X-4130 STEEL TUBING ' ." -a' '- . w .- . . . . 
PreviOUS History _--------- ..:I +,' . I-. e _. 4 ' . . 

' The X-ray'diffraction method oh'.atreaa deterkin'ation' + 
would seem to possess unique advantages when applied'to-the . 
study of residual stresses fn w.elded 8tructures. For thI8 r 
reason a study of a welded tube was undertaken, in connec- 
tion with the present report, in .order to study the 'merits 
and possibilities of the X-ray method as appl,Ps,d. to JV,eld8 
in aircraft materials in particular. 

. 
* '_ . 
L .' 

Iri*relatfon to:wel.dti:, the ,X-ray method htig"the inherent 
adv&tgge.of"uaing 6 small gage length, of being nondestruci tide' aad of providing a coavenfent,method of determining 
the,completd stress state. Since it is well known that the :* 
residual stresd'atate in and near a weld i8 characterized 
by large stress gradients, the ffrst feature is of some ~II+ 
portance in determining the effect, 
of~r~'s'idual stres$ on weld strength, 

which ,is unknown'as. ye-t;. 
S&&e mehhanioal :' 

method-8"f'er: th8 determination. Of. re8i6LUa,l Sire'88 n'e'eegsarily 
invs16‘e"t~~;;~e'rn'ov&l of material, wh.lch may' gre'atly alter this:. 
st'Fe'$'s p'icture: where steep stress grad.i&ts ex'fst, th.e ion-' ' 
destructive':feeture of the X-ray .method 'is' 'a$ 'im$o'rt&nt"ad- 
vantage eVen"?or.'eXperimental work,.and 'e.speci'al1.y for' -po8sf- 
ble rbutine us'e of' the method. Einally, mechanical methods 
gen-er'$.Ill$ $ill; .not lea,d to the da:.terminatibn lof th'e co'm'ple-te. 
8,&!e 8 Se 'i t,:aPtae. .' ' ': : ' e. : z.. ~ 1 , . -. ,' --. . : _.- . ,-. 

i- I- ‘ I I c. .- ." ;: 7 . .I . . 3. *..: ;,-: -.-- 
'T&! ~$'rol.ijI'd:i ..oP weld. 8,tree8e8. .ha8 .attraot.ek"i'any i'$ve8' T. * ~'&-&'* ; r'e'suftihg fn a large amount of informacio'ri on thi'e' 

s~~Se'~t"(9$f:B'ren'ce 11): .However msd& 'tb'&$r'i'$&, i .,only few'.attempts 'have bi'en 
from experimentation or fheor'y;: 8'$ener'al'-and 

acdur'g't'& $it'$ern ‘of’stress diatribut$on.in a @artic'ula_ra.&&" 
sertiiliy; Th& 6onclurSion can.be drawn fr~l -&e prey&is v&r*>&% 
the stress state in a.welded structure, partitiularly-in fhe' 
most frequently investigated structure, welded @late, ii'v&i\y 
involved and not readily explained. 

.: . :: _: : , : .,' . . . I 
It may be expected that the residual stresses in a 

welded structure'will follow some general pattern depending 
upon the geometry of the welded pieces, but that local fluo- 
tuations will be superimposed on thi:8: p.atterq. Ig order to 
keep the general pattern, o* residual str,e.ss,as simple as pps- 
sible, the cylindrical geometry of thin-walled, butt-welded' .- 

tubes was ChO8en. 
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Previous inves.tigatfqns of various -typ,es have been 
carried out in this laboratory on such WeldedM’tubes of the 
same material. These investigations have resulted in the 
collection of data on the,“ni’icrostructures found In the weld 
and base materials, the hardness val.ues in the same regions rr 
and data on the average circumferential stress at di.fferent 
sections of the tube as obtained by a mechanical method. 
The data of Sachs and Graham (reference 12) on the residual 
circumferential stress (fig. 48) confirm the general con- 
ception.of the development of residual stress in a welded, .I? 
structure.. Thy welded.bead, being the hot’test part,’ tends * ’ 
to contract more than the parent’metal. This contraction 
introduces circumferential tension In the deposited metal, 
This tension is counterbalanced by compression in the base 
metal, in agreement with theoretical conception, The magni- 
tude of this compression decreases with increasing distance 
from the weld, presumably according to a logarithmic func- 
tion. A comparison of this stress distribution with macro- 
graphs (fig. 49) shows that the residual stress in such an 
externally,uqrestrained weld Is limited approximately to 
the heat-affected zones, that is, the regions that were 
heated above the critical range, Hardness results of 
Mastenbrook and Steffan (reference 13) showed considerable 
local. variations In a circumferential section at the center 
line of, the weld, These variations were not so pronounced 
in, sections removed from the center of the weld. The aver- 
age. hardness along an element of the tube (f-ig ., 50) showed 
a minimum of 82 Rockwell B in the weld metal, The hardness 
rose to a maximum of 105 Rockwell B at a distance of l/4 
inch from the weld, Prom this value, the hardness decreased 
to 87 Rockwell B at 3/4 inch and finally increased again to 
a value of 100 Rockwell B at 1s inches frpm’the weld, in the 
base alloy steel. The microstruc.ture of the butt-welded 
tube (fig. 51) was found by the same authors to be a Widman- 
statten structure of: varying grain:s,fze at the center of the 
weld, which changed gradually with inc’reaslng distance from 
the weld through a coarse-grained to,& fine-grained normal- 
ized structure, then to a recrystallization structure, and 
eventually to that of the parent metal, 

Mat e r i&&-&aS_Ert&@$~ “.’ .: ” ---I : 

Material and Preparation of ‘Specimen ’ . 
Commerc.ial SAE X-4130 steel tubing, l$-inch c~~utsfdo 

diameter and 0:084-inch wall. thickness was suppl’ied for the 
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Jnvestigation bjr'the bhi'b .Seamles's Tube Company. 
fn the:asA'red&ived-cond$tfon, 

This steel, 
had an ultimate strength of- 

. : approxima'te‘ly 110, 000' psi, a yield.strength of 90,000 psi, 
and':ab?elongatioa of'15 percent. The tubing was stress 
reliev&d,, 'itid the absence.of.residual stress was determined 
by the split-ring method (reference 14). ,. . . I . . . . . _-. 
.' *, P%edes 6 inches in'l&gth were cut from the tubing and 

end-faded on a lathe.'. Two such pieces were rbutt-weId.ed 63" 
the' oxyacetylene process fn the.prnduct.ion line of a eompatip 
pToduci;n'g aircraft parts and accu&tomed to welding ,such.,;‘- 
mater*&E, 
was usted:;) 

Welding rod'of :SAE 1046,.s.tee1 l/8 inch in diameter 
'T‘h,e welds ,we.re tacked on opposite sides.- The' geld- 

ing was" started be-tween the. two,tacks and was then, made d*o%L 
t%nuo'us'. :-Thus“the' warpagg'.was maintained at a minimum. *The 
sp'ecfmen%wer~'only locslly preheated with the torch, and' 
after welding were allowed to cool in air, then sandblasted 
to remove the scale. ' .-..3 -.. 

,... '_ -I.,* -. ' _. - I :_ _ 
The'ttibtilar'tipecimen was then machined inside and out- 

side to a truly cyli.ndrjcal shape-. By fhfg procedure the 
wall thickness was reduced from 0.084 to 0?:05O:inch average 
thickness, the origihal'thickness of the wglded.bead.being.. 
l/'-8 inch. ,A cirqumferential gage line was sc.ribed around .: 
the t.u'tie' 'atone end 'to' serve as a longitudin+& reference line. 
Similarly, ~ldngftudfnal gage lines were scribed at one end, 
at intervals of 5' on the circumferenpe to ser,vs.as ~z%e:Perence 
,-lines for.th& birdumfer'ential "position! *of the p.o:ints-.o.f:-~~-G 
measu,reti.&nt; . . , - . .?, :.. -. _. . .* 1 

The scale was carefully pickled off a.oons$derab&e area 
aropqd,.the*tube:in the vicinity'"of tne weld. Th' oleaqed ' i 
area,Was.,L$.hen covered with an 'i&remely thin cZYat of lacqi&,: 
to preve$t.,subsequent rusting, ..- - . 1.. ,:,;.! 

. !' j :' '_ ,1 : : :. . , . ,I-. 
:; .I'( ..: :_: . 2: - k. .-. : - , - - -_ 

X-Rag Technique. 
2 -*. -ply-:: .- 

Ip, order: $o+obt'ain pre'oise l'attics pariameter values . . 
i't" i;f's :'n.ei?ap,6ary to apply :so,Me' dalf'brat'ion' m'atcria.1 of. knbwn 
lat':t$b,e.' barameter: to 3:&e s.tirfac%.~%if' 'the &pe'ci.&C. 'The ma- 
tgri'al used' was Mallinckrodt silver rnet~a~~~,,.p.r.Q~?~itated 
ana.ly,t ical, ,r.e,agent.r ~g~.etd3.~: Thi's'~'jp6~++F, P&i, sp.$@.kled on, a : 
long strip of Scotch tape.'~.hB;!~th,8h..brli'dhed % a 'uniform layer 
with a camelts hair brush, In the process, % 1 excess powder 
not adhering to the tape was brushed off. The Scotch tape 
was then attached to the weld with thinned l&quer. 
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For a complete stress determination, at each selected 
point on the'surface, di'ffraction pattern8 wlth.the incident 
beam making:a number of different angle8 with the normal to 
the surface are required.;. The -directlone shown in figure 
62 Were ChOBen, corresponding to method G-1-A of reference 1. 
The longitudinal stress,is determined by a normal picture 
and a picture taken fn the direction L (fig. 52) with the 
incident beam in the plane defined by.the normal N and the 
tube axis A and at 45' with the'normal. The transverse, 
or circumferential, stress is determ&nsd from a normal pic- 
ture and another picture in the direction c (fig. 52) 
taken with the incident beam .in the ,plane normal to,the tube 
axis but with the beam making an angle of 450 with the BUT- 
face normal at the point in question. In OTdeT t0 make a 
complete stress determination, still another pattern is 
necessary, preferably one making an angle of 45' with the 
normal and such that the projection of the incident beam on 
the tangent plane aleo makes an angle 'of 46' with the simi- 
lar projections of the C and L beams. 

'A gonio'meter was constructed to hold the welded tube in 
posi'tion on the X-ray tube.table. Thie goniometer (fig. 53) 
allowed two translational and two rotational degree8 of free- 
dom, and a third translational degree of freedom was avail- 
able by shimming the tub,e. to different heights on the table'. 
TIhis combination of. motion8 enabled any spot in:the tube to 
beaX-rayed at any angle, althoughythe actual computation of 
the zleCe8SaTy COOTdfnates~W@e in .spmo CaBes~k8diOUB.' 

The X-ray camera Used wa8 a Sabhs back-reflection camera 
equipped with a,device for rocking or rotating the,film. 
(See figs, 16 and 53.) . - . I 

The c'ollimatio'n system was:set up'to obtain the focus- 
ing condition for a normal picture an.d the 8ame Setup was 
also Used for the oblique pictures. A focusing pinhole 0.040 
inch in diameter was used .wPth al fro?rt.bpinhole 0.080 inch In 
diamoter. The com'bination produced a.n X-ray spot on the SUT- 
face of the. tu:bbng;O.;IIO~Ihch in diameter. -.. i , 

I 
A General Electrio.%-ray %ube with Lihdemann .glass win- 

dows and a cobalt. target was employed.' 
at 35 kj,,lovol,ts; and i0 milliaJmpere,8. 

The tube was operated 
.Exposures were l/2 hour. 

. . 
The.patt,erns were. measured on a.visual'comparator hav- 

ing a least count of 0.02 millimeter; 
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T:he' first.: step in- the stress. analys,$s&- J&e,, ye-+(dsd,..tube 
was to determine at what point8 $.n and; nea,?. $~e,w$Id. $Jgh%fi- 
cant X-ray measurements coqld be made.,! aph ~$e$.e., t$%i "&e? - 
impossibl'e 'because of: the. unf,avorqb-1s .q&+~j$.,on~:,bY, ,t>@ m&$,1, 
For thd%:'spzlrpbs;e :a series of patterns was; t&kep. on- th'ei'c$!'nt'er 
line &%'thei tieId at F;o inter.vals cdm~l.ete&$ 'arc.yhd':&$~@yId. 
Furth&rWr'e:,tk series of. patte'rns WQB, take*' across the.-$eld' 
at S:ev-&a% :c'ircumferential p.ositions. ,~T.,@e.g.e pat t ems w:e re 'lo' 
all normal patterns and were made with co'nip'iete rotatiq-n"?f"' 
the film. . : i .I 

:: L 3 \f 'L . "lt::,. 
R&I, YQ:*normal. patferns -t&en z&-F;' 'i$<ery'a'i.r;' ar,ound the , 

cir.c~E~~en,cn o~z.t.he. center line af.the 'weld"wer& 'then meas<- 
I-S&&!*.* a&ir.l.att,ice .paramsters were 'compute'd'by' tie,methods- 
outlin!e&5In refer.ence ,l. The measurement $$s'.~riec‘ess'a'rily df 
poor p~scl:si~o:a I;n the frequent ca8e.s' where 'the ,'d,i.ffradti'ofi -". 
lines :tisre :.b.road~~ Hcwever., a meaauremeht 6.f' 'sqtt.s -was -GIL '-. 
tainedx ~J&pea%sd me.asure,ments dn diffe~e~t'jEa~hgrs~'~~o~e-d'. 
that :tlfe maximqm error in lattice ~arame'teY..Qas"'~bout'O.ICib~2 
angstrom.,uait, ., ,.:This i8 grieatsr than 'the &xi,i~JuuS error l :y*qyvr 
which.e..6ce;uns :whan:'lahary! line : ,, diffractl.;;ii“p~tQe~~Q:'are - ::'I: ! - . 
measured. . . * 1; -: 'J i? i::: ..I. I: T: .: I 

From the lattice parpqeter 'I measured on a normal 
pattern taken under'.~u1~~Fgtatiqn,~~h~-.s~rn gf the principal 
StreSB@S can be computed using the TX resaion: .I -I': il \J B: ._ -. 

.__- LeA,, (=,-~' = 36.2 (z;- a01 X 1O’psf 
0 --lr% . . . 

. . ; 
:: .;’ :i ’ :; f-y ; I\ - 

c’. I 
‘J ’ 

where: 
* * T: * ' .‘ * ,L, ? ;: :'i .-, { j .,c, - . . . _. - .i " -7' I _ .~ . a. ' - ,' ! h '., . .- :r .- " P .: -a-- :i f ,, j Q f 

E = 29 X 10' psi ;ir J 
.r- 

(O -y:.p+ , . ‘;: 

a = 2.86100 angstrom unit8 
0 

( ,.' - >:i , \ *: '. * : . .T = :- -1 a 
This expression is approximate, being subject to a fi _ 

. _- 

percent Correction beaause of the fact that the parameter a 
is not the true normal pz~rA%e’ifi’5.~~ ,Tb:e: 'e~x!pr~ess~on~ is accurate 

in .view of fjhe over-all precision of the meas- 
c%$‘e~'.:Wsiii:g ,tbis relation, the 

. it;: 3 ,.I . ..!. ! ‘-. -AL- * i , _ I - L- , - '; . -i ,' 
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sum of the principal stresses was computed under the assump- 
tion that the lattice paramenter a0 of the stress-free ma- 
terial was 2.86100; This assumption is reasonable, since 
the material in the weld (SAE 1006 steel) ,contained no alloy- 

.ing elements except carbon, which has a negligible effect on 
the lattice parameter, Further, the sum obtained In this 
way agreed with that obtained. by adding the longitudinal and 
circumferential stresses, wherever they. were, obtained ind,i- 
vldual ly, 

In a circumferential region at the center of the weld 
(positions 1260 to 1600) longitudinal and transverse 450 
pictures we’re taken in order to determine the longitudinal 
and circumferential stresses. The pictures were taken with 
415 0 rotation of the film. This waa necessary to smooth 
out the, slight spottiness of the silver lines; the iron , 
lines were in no cases spotty. In the oblique films the 
diame;te,r of the film normal to the plane of incidence was 
used. ,The films were measured in a manner identical with 
that in ,whlch the normal pictures were measured, The result- 
ing parameters aL or a, may be used in the. expressions: 

E 
SI; 

( aL - a,) .E e-m-- --5- . 
:, 

sfn” 43 .o 
: (1 + b)a 0 

E (a, - 3 
% 

= ---__I- e-c-- 
. ’ 

(1 + da0 sin a 45O 

to compute the respective stresses. These equations reduce 
to: 

% = 16.4 X lO* (aL - Li) 

,. . - 
SC a 15.4 X lO* (ac - 2) P 

‘b ,- 
‘using the,,,same constants ai before, .I 

. : 

,Twq ppsi.ti.ons ,60° and 276’ 
the sit’uatfdn acroks the weld, 

‘werd chosen to investigate 
~.ormal, ,_ . ldn,gitudinal, and 
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transverse patterns were' made'a.'dro'& the weld on these two 
longitudinal elemen,t:s,. at O.O+inch intervals. The investi- 
gation extended O',S inch-oh 'one side of the estimated center 
line and 0.20 inch'on the oth’er, being st'opped in each o'&s'e 
by the .prsviousl,y mentioned m.etal. co.nditfon. Parameters 
were d'alculated 'an'd stress'&8 computed ‘in the --nianner just’ 
described. 

*. . 

. 

. _. ..:- - 
Experimental Results -- ---------A--- * 

.: There has been consi&erable‘prsvious work on weided 
.parts using the X-ray diffraction method. (See reference 1.) 
This work his been-concerned eritirely%ith'plain, low carbon 
steels: however, this materjal,is of little interest in the 
atrcraft industry. 
+J+ai=y, 

The present investigation, on the con- 
has %een concerned with a,chrbme-moly steel (SAE 

X-rr&130), which is one of the principai'aircraft metals. 
This'is mentioned now because the resrilts of the investiga- 
tton:show-that the type of material concerned plays a very 
import&t part as to the usefulness of the method. While 
previous investigators have been able to report favorable 
results of X-ray stress measurements on plain carbon steels, 
in the'present investigation it was found impossible to de- 
termine stresses in the base ma%erlal; Bh.e:alloy steel, by 
ally of the methods applied. ThPae;result...is due to the condi- 

-,tYon of.the met'al.. . .- .;: I , ' : * 
*.* .I , ;i . ,: -. ' : _ - ., _ _. 

"'It'w'sU possible, 
': * , 

? however to make accurate hefermin;tions 
i&f re'iYf$icted' regionL.of the.beld metal and to this extent 

, Only Vh-e .XG.ray, mthod has proved succesLfu1, yieldf,ng some.- 
.ne'w. Pn'forhiation :onrbthe stress c.o‘ndit,ions in welde.d..structures. _.. . : : ". - I *. - .- . a . ,:.>, r, ,: .I ..I -4 :,c : . . . . . , 
' . L . ; : ,ir- .L ,'A I - I .I .I.4 ' .) . - TL.-. . ': I. - 1 ', :. _ .. * I,-. * >: : 

Metallurgical: Cond&tions..> .. Y'.-., ., - : 

" Iti .'crde!r'%o make accurate, stress: mea$urementp,. any steel 
't'o be $nve,&tigat.ed inust be' in, a a'ui'.table' matallurgical c,ondi- 
t"gon.;: .Ir&",: *in :turn,', depends mainly upon-fha:responss of -the 
particular iteel to the'heatrng and coalfng:c.ycle.at any: 
.p~i,nf.~.of-the.,weldment during and after the welding. 

-: . ,.I r-.‘ i . . .: I; > . - r ; y ;-I' . ; . "'. -, . . ': >I:4 1;: 1 : .-.q;: 1' ~ ~ L- . 
"A G.&id& "steel part c,onsfsts fundamezit&,ly .o,f four s'truc- -- .' 

' ~u~~,~.~,J; d$<gid& rbgfb&s; '. ' A : f --- b--'*"wik- T;':*~!: ;, .!. . -1 
,..,. '., . -: ._ n: * ::: L. .-. ..1 - *'.- *m=-.. il. ; _ *. 4 u- -.. Q- .-- 

(1) The weld proper, possessing a cast itructure 
_. -- 
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(2) The adjacent region which has been heated to a 
temp'erature above the: critical .t-e,m er,a,tur.e, ,of. the partlou,lar 
s te el and c ob1e.d: '~'~?,~.~~a~r;~~~i.ly rep ,Y. 

(3) The region $ieat.$d' be,low thd"c'r<t'lcal but above the 
stress-relieving"tein'p~elrat:uTe. of the'"&tesl 

- *:I .a.- . * . I 
(4) The region pract~icaXZy unaffected by the welding 

process 

t 
; 

If a weldment Is not restrained, such as in this In- 
vestigation, weld st&%'s&es are restricted to the weld proper 
and to the adjacent metal, regions (1) and (2), according to 
previous lnvestlgatlon~s. ' In the cas.e'of a restrained weld- 
ment, long range residual stress may be developed also in the 
metal farther from the weld bead (reference 15):. 

Of the two regions of the investigated tube presumably 
contalnlng residual *stress, only the weld bead (region (1)) 
was found to yield X-ray diffraction patterns which permitted 
a-stress measurement by the selected method. The patterns 
showed the B a-doublet . . In varying sharpness, ranging from 
clearly separated K, and K, lines to a rather broad line 
with a single maximum. ,' '< * 

A semiquantitative method of sp&,ifylng the breadth'of 
r 

the diffraction lines,.bas adopted for convenience, The films 
were rated on a l-to-6 basis, 1 being the good extreme and 
6 the poor extreme (fig. F4). ROWhlY) a rating 1 waa as- 
signed to a line, if,;th.e doublet was resolved distinctly. The 
rating B correspoqded t-o a line BO broad as to raise the qucs- 
tlon if It were Indeed present, Inthis Investigation, lines 
r,ated as 1 to 3 could be measured-with,a good accuracy, wh1l.e 
some measurements of doubtful accuracy were made on lines of 
poorer accuracy, Approximately 50 percent of the circumfer- 
ence of the weld bead wpsj..,r+ted. 3 or.,bettqr, and 50 percent 
was 4 or worse (see fik. 58). 

Thus.; e,ven the lowYcarbon 6teeJ.':ofi'tha.,weld'prop-er was 
distorted during the:'$eldlng hrocedure to, such: an extent that 
the accuracy of K-ray'stress measurements is seriously im- 
paired in a conslderabie portion'-of. the,bead; 

Some further difficulties Ed. from-the large grain 
which did not 

yield uniform diffraction lines everi,whed'the'fllm was rocked, 
but resulted In streaks within the *K,-doubJ.st (references 16 
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i 

. . . . 

Ed’li). 
>‘, _ 

However, this applied only to a,few.exposures, 
One out of appropimateJg..two hundred films was impossible 
to measurer,beC%use of "this difficulty. In all other cases, 
rocking of the film dur??g exposure produced measurable 
lines. - -. *.--.J y- 

. " .--I. 
In ~~lS-~ca.'se~s 'the 'met'& adjacent to t'he weld 'yie,lded - . -' 

X-ray ,pat.terns composed of' such broad,'diffuse lines that 
stress determinatfons by the method applied were not SUE- 
cessful. It is possible,that some method.might bg:spplied/ ': 
which,, however;'w%uid.-be..extremely tedious. &d time-. Y :. -- ':. 
con~um~ng.(r6fer,encg.l~)~ The change along two se,lec,ted' ' ~ -'- 
e1emqts.i~ shown in fi'gure .F;E;, 
plotted. for EL '$u'mbe']..of' 'films, 

in which the r&ings &?.e. "-%. 
illustrating the pr-ev,&onsly *.:" 

discussed vari'ations, of the metallurgical cond.i.t,ion,. 1:9f'r--. " 
exposures. are taken' a 'certain distance away from the welded 
bead (in region (3)), the heating has been sufficient to.' 
remove the effects due to cold.work, but not suffictent to':" 
cause effects by gboling from above the critical, and:shal;p~j" 
diffraction lines are ,obtained, '. ,' -^ 

, , .-, . 

-' S'tresses across the Weld 

Theibhang$s*"bf t& longitudinal and circumferential 
strks,sss.:a~:c~.s-"f~i';~id were determined for two elements 
at 60o..&nd-t235o (tabl;'jtV and fig.'F;G). Exp,o,sures were 
taken, I Pn,-.interQH$d of .&d~i inch on both sides,.,o-f. the visual 
cente.rO:o,f .-&he' w*Id'.' '$!be width of the 'weld prop.er, 
parent to the'&y*'ifter .m&hining and et&hing, .WBS EipTzi- 
matel,y 0.30 inch, "I&t,e'$'er width and p$b'lti,on,: of the weld 
vary for d.iffe'rent p'ofnts"&ound the tube; ahd',c-orisequently 
the assumed center l$nei'has'no physicai sfgnificance, J+.m- 
thermore, it is clearlji recognized from figure‘56 -th&t the"' 

. . 

. . 

,, :- 

stress state is not symmetrical about the-assum.ed:center :r-""'-' 
line b,o.r .a,bo,ut. ,any '%$,h&r lpossfbl*e position' o,f, a. center, line-, ' . 
A spgg.e,stion 'of gym?-e&y. .~,@p be se.en :$n t+ie"'~e‘idings. for* t&e ! '!-. 
6Oo position- but &one for the 2ifir'o posit'i@, -.-- ._ : k:...ff :s"' 

..' ,; ..r -... . yaP??-:: . . . : J& _ .-.. i.'..'-“m:- rl 
Both the~l~on'gitudinai and,tr&nsveriT'*itresses.ohangd. ,":-'.' 

.Apparengly the stress 
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, Longitudinal and CircumferentiaJ Stresses 

around the Tube 

Figure 57 shows that accurately measurable X-ray 
patterns were restrioted to two large and several small 
regions around the tube. 

The two large regions were.seledted for the measure- 
ment of both the longitudinal and'c(rcumferentia1 stresses 
in intervals of 50 along the centerlline of the weld. In 
addition, such stress measurements were made also for each 
interval of 45O. The results.are represented in table V 
and figure 58, showing what regions yielded accurately 
measurable films, 

No attempt was made to draw trend lines through the 
experimental points in figure 58. The individual points 
would deviate from any possible trend line by as much as 
~10,000 psi. These variations exceed the presumable ao- 
curacy of the stress measurement by two to three times, 

i 

As the accuracy of locati.ng a desire.d part is estimated 
to be considerably better than 0.0005 inch;these variations 
can be explained only as actual fJ.uctuations of the residual 
stress in the welded bead, Consdqugntly, in order to obtain 
a fairly complete stress pattern' around the tube, exposures 
must be *taken in very small inter.vals, say'of 0.010 Inch 
along the circumference, To do this, t'he technique used,in ' 
the $res,ent ihvestigation would have to be &hanged, the 
width of the exposed area being too large in relation to _ 
the .expected frequency ‘o’f the fluctu'ati.ons, ' 1 , : . 

The sii.ghtly reduoed. scatterfng *n-the ran'ge of 125' to 
160° in q,omparlson with that in the range ‘15.O to 65.O. can be at- 
tributed .tq't.wo factors, first, 
better, 

the rating of the lines was 
and second, the film measurements irere repeated sev- . 

era1 times in order to improve the acduracy. ' Bow-ever, since 
these measures. caused only a slight reduction of the .fluctua- 
tions, t,he fluctuations .were considered as real. 

Nei.ther the.longitudinal,nor the cir'dumfire.ntial stre8's.b' 
shows an average which.16 either,definitely tension or defi- 
nitely compression. From the thermal..condftion.s of.welding, 
a.conslderable average tension-in the circumferential dire& 
tion sbould,bs.e.xpected.in t,he ve.lde.cJ -bead, while th,e,,average 
longitudinal stress, should be zero,:. .The deteimined surface. 
stresses certainly do.no.t offet ‘any.confirmation of this 
expectation. L . 
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-.. 
I 

*. . - ._ I 

. ’ '5um .o'f Principal. Stresses . ' 
f.-.. ---= 1 . .: _ 1 . -. _ ,. . . 'P 

In many X-ra~.investi'gati~n,s,-'-only one 'exposure, per- 
pendicular .to"the ‘flu’iface 'at 'each 'pabnt,, was' made, and the 
cum of the two principal stresses S1 +. Se, in.the surface 
was determined. Suc:h :a,-pr-oaedure .assume-s the kq.owlePge of 
t&e :‘s’t&‘e sk--‘f$ee- lat&ic,e’ pal;-a&+er ‘cd.’ :: ‘ 

,._. . . - L -a. ,. _ _.. I_ ’ 
, 1 ,;, 

. - s 2 --.- . . ,I.< 
On' the 'd-ontr-ar'y,' thr,ee e&&&~&s &de: 'ai-yach Ipoint. ' 

permit the calculation' o-ff:the. stressifre'e' l'atti.26 parameter 
_ 

a0 at this point, as well as two stresses in the surface, 
according to the folS,pwl.ng ,equaWpn: : : .-,.: .- 

I. . . .: f , - r ?-:‘-.- 

The,"stress-free'parameters we&e calculated for all 
points.where: the longitudinal'and'cfrcumfere'ntiai stresses .- 
were'measured, The values '(table VI)*vary'Tt-b"'&' tionsiderabl8'-: 
extent,' the.a$erage value being ,2.8,6ilO r- 0-:6Oo'2b angstrom ..:, 
units; and some values deviateaks much a~"&&)~4 angstrom 
unit from this,average. This accuracy is as-gq.od as can-be _ _ ..-_- 
expected, even for regular determina6io$?'i? lattice 

8 
aram- 

eters byz-the back-refleotion.method (reference 19). onse- :. - 
quently,: it cannot be decided tihether:<h< variations-are 
caused'bg'.random errors or oossibly'by B'ifferences.in.the 
steeY'bBmpo$ition. This second ~~plan~f~~n,i~~'s;ggested by - 
the faht'(apparent from table 112) that"Gith<n‘any one,re- 
stricted interval the'vaiues agre6.considerably better than 
the%yalyes from diffey~~,t~~p4ervalg.~ W-L ,.: _ _- . _ . ,.* 1 ,; fi." .n _' -;-.a -.-. ,. ;-y* 

numoer-c 
Ittaken as 2.2,$100 .a,6 
p.atterns were taken 
stresses determineed . 

However, the sum of the principal stresses s., '+'s,;. ",;- --. 
tained in this .mann;er, is not the,.s.stme;,as %hat .determined by 
addition of the.:longitudinal and ,qir,cumferential stresses 
SL + SC = s, + 'G2. w,ithout using thee; s,trees-'free lattice pa- . . 
rameter (fig. 58). The values determined by the two methods ' . 
agree comparatively well, considering the uncertainty regard- 
ing the strees-free parameter and the difficulty of reproducing 
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the exposed area in two ind&endent series of tests, The 
deviations from & trend line can be kept below approximately 
$10;000 psi, ,I,t is apparent from these reshlts that the 
single exposure 'method,dQes not yield' sufficiently accurate 
and lucid stress values, , 

The sum of the principal stresses (fig, 58) again illus- 
trates the rapid fluctuations of the stress state around the 
tube. No aorrelation is apparent between theesurface stresses 
and the mechanism of the welding process.' 

. 

Individual Prinaipal Stresses 

Utilizing independently the two sides of each film ob- 
tained in the two oblique directions, four values of lattice 
parameter are obtained which permit the determination of the 
magnitude and direction of the,two principal stresses (see 
reference 1, method 04). This method is not very.accurate, 
and the following results (assembled in fig. 89 and table, 
VIII) are therefore open to oonsiderable argument. The mea& 
urementti were restricted-,to one region, 125O fo 16ti", which 
yielded readily measupablF,films. 

,. . .Y.- 
" .I?egarding th.e d.i.,rections of the aprincipal str.esse,s,, " " 

figure 59a shows, that they sc'atter irregularly about.Zhe "-*';"' 
longitudinal aqd transverse directions, The accurac'y 'of?-: ' . + 
the"se angles 1,s .very limited 'and consequently the r.8-au:ltCe ' 
cannot be take-n &as a propf either .that the princip,al .dJ,re,p ,. 
tio'ns 'coinaide ,.app'roximately or diverge considerably'fc.oqt 
the longitudinal and circumferential directions. , . . . 

. L . . L ': 7 _, 

.T7hs:,pripApal stre ses (fig. F;9b) differ from the'longi2 
tudinal!'and,$ircumferen ial t etresses.(fig. 59c) but;not to a 
suffisiepjj extent to warrantydkiy,other conciusion-:but.that the 
longi..tudina$'~and ci:rcu~,~~,~~h.ti8.1..8tr~sses are the"-$'in2i$'eil;T 
s.t.resse0. The distribut'ion"~bf the one principal s',F,&$s C Bj '2 $ 
o.v,er': the ino9stlgat~d,:.~~~ge.'agrees with that of th6 ,,&i?>h~"I 
ferential stress s'c ( '* 
.cipal s,tre,yJs S+ ~ ., ? 

"'and'%he distr.ibution of the' pj%e~~';p'ri'n- 

at.re,ss. . 6~. 
corrje,sp!onds to that of the long'itud'inbl UT'. -: . . . I ,, . L 8.. ,. ,, -: ,- l, * , I 'i . . I : . ,y : y . L..'$.': 

' a more &cc'urM:e~ Xtcray 7s~~,e.s's. '!m&js~$~?$m<,&t‘ nl'e%od bust. 'be& 
u"ge'd 'to o'btain 'more deaisine ..i&f!$'ma.f;i.o,n regal;'d"fn~g;the ;mtr'g- - 
riitude and, 

t'fit'l;i3s8es,' 
in ,particular, .the-direbtid'ns' of'.the :prin$ipal . . ,,.. ;- ;; .-. .- _ . , : - ‘; ., a .~_ ;, : II :. :'.. , . ..:*, *, . .' - I. P I. '. . c, _ ' _ 
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CONCLUSIONS 
. 

. 
,r 

M,ea$hrements .~g;pGansm 6fl XAray.di.ffraction techniques 
ii flat notci;ed tensile'bars of of the 'p~ilncipal.::~~t~;resses 

SAE X-4130 -steel, e+:d-,24S-T al*uminum allog'have demonstrated 
the following: 

., . _ : -.. ..~ ,,. . . 

i, X-ray.dfffraction methods can,be use_d to determine 
surface stresses in metals in which the stress';gradients are 
n0.t.. steept provided the conditiono.f the- metal is suitable. 
Measurement 'of' st.r.esse,,s,in the interior of a metal is.not 
pds.sible at qres'qnt .e.!xcepq~ by: 4n?&re,n,e.e: ff.opl ,5&e surface 
stress2q'.. TPhe measu,r,em.eh'f o-f highly loca.l~,~,ed-.sfres'~es can- 
not be achieved by X?ray difffdction Without extensive e+ 
perimental precautions.' 

2'. The longitudinal stress in a flat--notched speci- 
men was found to be in agreement with the results of previous 
theoretical and photoelastic investigations so long as the 
rnT.tflc.aF 'was' elastipeJ& .,s,t.raiae& ..a Th.~.,changg~, of longi5udiiGl 
stress have been de'termined for the range ii'stress in ..v.hich 
the notched section becomes progressively plastic. These . 
stress changes were found to confirm previously devei-o$6d- - 
theories. 

. * .I ;- . '31." 
. -- . Ih the range: of‘elastic stress. the-ratio- of the 

" av%ra'ge trahsver,se to"longitudina1 stre'is,es Gas' found to be 
independent of stress but varied with t.he degr'be of notching. 

_-- 
. . 

- 

1 . .:-.-:- . 
4.: J*'. ..,., . 4 ,. When,the average stress exceeds the elastic range 

and progressive,plaatic flow'occurs.witho,ut further increase 
in load, the stress distribution cha$&eg gradnally'because of . 
yielding, the change being of'the sameW+,g$e $s'that,cans.ed by 
partial unloading. It was further noted'khat surfac-e:.srW%F 
does not increase as. rapidly as the stress in the interior 
when the average stress is beyond .the elas,t.ic ,range. 

*: .=I '.,-: 
. :-. . ,T . :. 

Attempts to determine the.residua.1 st$dF[8es in A b'utc 
welded joint in SAX X-4130 steel tubing by'tieans of X-ray 
diffraction showed that: 

. (a)'The residual stresses present in a structure 
welded from the alloy steel SBE X-4130 cannot be measured in 
the reg:fons of the parent metal, affected by the heat. These 
heat-affected regions presumably contain large residual _ 
stresses. 

-__ 
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(b) Only if the weld bead.is made from low-carbon 
steel can accurate stress measurements be made in the bead. 
However, the structure of the deposited metal varies con- 
siderabiy; and some parts may, be in such a condition that 
the accuracy of the measurements becomes very small. 

(c) Large variations of the surface stresses in * 
both the longitudinal and circumferential directions were 
observed, both around the weld and across the weld. 

(d) In the longitudinal direction, the highest stress 
values measured were 12,000 psi in tension and 20,000 psi in 
compression. The average stress was a.sma'll compressive 
stress. As the butt-welded tubing is not restrained in the 
longitudinal direction, little longitudinal stress was ex- 
pected, ,? w; 

(e) In the circumferential direction, the highest 
stress values measured were 30,000 psi in tension and 15,000 
psi in compression. The average stress was approximately 
6000 psi in tensiqn. This corresponds to the value expected 
from previous measurements by mechanical methods. The low 
magnitude of the pe.ak values of stress may possibly be ex- 
plained by the machining operation which relieves the sur- l 

face stress somewhat; the low magnitude of the average stress 
may be explained by the fluctuations of stress and the limita- 1 
tion that no residual stress should exceed,the yield strength 
of.the metal. 

(f) This investigation reveals a rather restricted 
applicability of the X-ray diffraction method for the measure- 
ment of residual stress in weldments, . . . 

Department. of ,Metsllurgical Engine*ering, ' 
Caqe School of Applied Science, 

,Cleveland, Ohio, October 11, 1944. . 

. . . ,’ .*, -. . : *’ _ 
. . .I 

‘., ,’ . , i , 
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LOAD 
AND hV. 
STRESS 

140 lbs. 
(4,300 psi) 

400 lbs. 
(12,000 psi) 

1110 ills. 
(33,700 psi) 

Residual 
Stress 

Unloaded 
from 

1110 lbs. 

?OSI- 
PION 

TABLE I 

2c$NOTcJJEBDuFuubuN SPECIMEN 

NORMaL ,ONGI!RJIjINAL CRhNSVERsI ;ONFITUDIMAl ?RkNSVWSE 
?hFWE!tER PARMETER ?hFlhlBTER . STRESS STRESS 

IN A0 IN A0 IN A0 PSI PSI 

4.0402 4.0421 4.0405 
4.0404 4.0418 .4.0403 
4.0408 4.0422 4.0407 
4.0409 4.0416 4;04l7 

t10,000 + 1,500 
+ 6,000 I- 500 
+ 7,000 
-I- 3,500 

: 500 
4,000 

4.0370 4.0426 4.0391 -l-29,000 
4.0394 4.0419 4.0398 t14,500 
4.0401 4.0426 4.0397 sl3,ooo 
4.0395 4.04l.7 4.0401 +ll,500 

4.0368 4.0418 4.0385 +26,000. 
4.0350 4.0422 4.0382 t37,ooo 
4.0363 4.0422 4.0379 +31,ooa 
4.0364 4.0427 4.0378 +33,500 

+11,000 
t2,ooo 
- 2,000 
+ 3,000 

f 9,000 
+16,500 
f 8,500 
f 7,000 

4.0452 
4.0408 
4.0409 
4.0416 

4.0413 

XE 
4:0414 

4.0442 +20,000 
4.0416 + 2,000 
4.0432 9 2,000 
4,o4la - 1,000 

- 5,000' 
+ 3,500 
+ 1,500 
-f 1,000 

I 
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TABEE II 

25% NOTCHED S.A.E.X4130 STEEL 

LOAD 
A-ND AV. 
STRESS 

POSITION NORMAL LONGITUDINAL TRANSVERSE 
PARAMETER PARAMETER PARAMETER 

IN A0 IN A" IN A0 

527 lbs. 
(17,000 psi) 

1550 lbs. 
(50,000 psi) 

Residual Stress 
Unloaded from 

1550 lbs. 

Loaded to 2170 lbs. 
(70,000 psg 

hloaded. to 1960 lbs. 
(59,000 psi) * 

Residual Stress 
Unloaded from 

2170.lbs. 

2” 
I : 
I 5 

1 
2 

: 
5 

2.86061 2.86147 
2.86044 2.86150 
2.86059 2.86118 
2.86062 2.86124 
2.86022 2.86128 

2.85908 
2.85885 
2.85924 
2.85945 
2.85972 

2.86143 2.86099 
2.86083 2.86096 
2.86095 2.86089 
2.86095 2.86071 
2.86095 2.86072 

2.85996 2.86230 
2.85893 2.86233 
2.85879 2.86200 
2.85907 2.86224 
2.85927 2.86204 

2.86179 2.86052 2.86093 
2.66092 2.86101 2.86114 
2.86077 2.86100 2.86097 
2.86073 2.86066 2.86109 
2.86089 2.86085 2.86112 

2.86253 
2.86196 
2.86173 
2.86189 
2.86215 

2.86003 
2.86052 
2.86071 
2.86044 
2.86050 

2.86003 
2.86035 
2.86019 
2.86002 
2.86020 

2.86100 
2.86103 
2.86089 
2.86097 
2.86097 

2.86057 
2.86008 
2.86008 
2.86022 
2.86000 
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TABLE II (CONT~DJ 

25% NOTCHED S.A.E. X4130 STEEL 

LOAD PJXI- LONGITUDINAL TRANSVERSE LONGITUDINAL TRANSVERSE 
AND AV. TION STRESS-PSI STRESS-PSI STRESS-PSI STRESS-PSI 
ST$ESS lbaumum KEASURED CORRECTED CORRECTED 

'527 lbs. - 
(17,000 psi) ; +13,600 +16,800 + 9,200 1,300 +14,700 +17,700 f -10,100 900 

: + f 9,300 
9,800 

+ - 1,900 + 9,800 
2,800 +10,400 

+ - 1,500 
3,300 

5 tl6,800 + 4,400 +17,600 + 4,200 

1550 lbs. 1 
(50,000 ps.i) 

+54,500 +15,000 t57,600 +14,200 

3" 
+49,200 +23,700 z,y; +23,700 
439,400 t15,ooo +15,000 

4 +37,200 + 7,600 ~9:loo f- 6,900 
5 +38,400 f 7,600 940,400 + 6,800 

3esidual Stress 1 - 7,000 - 6,800 - 7,200 
Unloaded from 

- 7,000 
2 + 2,100 + 3,200 f 2,100 -I- 3,200 

1550 lb-s, i ::3,::: 900 
5 3-00 

- 1,000 - 1,000 
- 4,000 + 400 

5 - 3,600 + 300 - 3,800 + 400 

;:%e:bgto 1 +37,000 + 9,600 +38,800 + 9,000 

WJWJ~g~dP~;! E 
i53,ooo +18,200 +56,200 +17,600 
+50,70() +20,400 +52,900 +20,000 

4 +50,000 +18,200 +52,300 +17,700 
1960 lbs. 5 

(59,500 Psi) ,, 
+43,800 tll,500 +46,000 +10,800 

3esidual Stress -13,600 -20,800 -13,800 
Unloaded from 

i -20,100 
+ 1,400 + 3,500 + 1,400 + 3,700 

2170 lbs. : '+ 3,600 + 3,200 + 3,700 + 3,300 
- 1,100 - 1,400 + 5,500 

5 
+ 5,200 

- 600 + 3,600 - 700 + 3,890 

. 

- 
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TABLE III 

5% NOTCEED S.A.E. XX130 STEEL 

LOAD POSITION NOR?&AL LONGITUDINAL TRANSVERSE 
'AlID AV. PARAMETER PARAMETER PARAMETER 
STRESS IN +" IN A9 IN A", 

578 lbs. 2,86025 2.86129 2.86003 
(17,000 psi) ; 2.86039 2.86145 2.86037 

: 2.86032 2.86015 2.86125 2.86141 2.86040 2.86033 
5 2.86041 2.86155 i2.86038 

Loaded to 1020 lbs, 5 2.66021 2.86138 2.86013 
(30,000 psi) 2.86034 2.86140 2.86008 

Unloaded to 870 lbs. 2.86020 2.86156 2.86013 
(25,500 psi) 

43 
2.86016 2.86151 2.85988 

5 2.86005 2.86128 2.86009 

Residual Stress ii 2.86089 22*EZ 2.86086 
Unloaded from 2.86070 2.86069 

1020 lbs. 3 2.86074 2:86048 2.86072 
4 2.86074 2.86058 2.86064 
5 2.86073 2.86070 2.86072 

Loaded to 1713 lbs. ; 2.85971 2.86207 2.85973 
(50,400 psi) 2.85982 2.86203 2.85970 

Jnloaded to 1405 lbs. 3 2.85957 ' 2.86196 2.85979 
(41,400 psi) 4 2.85981 2.86210 2.85884 
* 5 2.85954 2.86195 2.85967 

Residual Stress 2.86092 2086103 2.86079 
Unloaded from 

i 
2.86088 2.86057 2.86101 

1713 lbs. 3 2.86070 2.86042 2.86039 
4 2;86068 2.86086 2.86073 
5 2.86070 2.86071 2.86089 
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LOAD POSI- LONGITCTDINI! TRANSVERSE LONGITUDINAL TRANSVERSE 
AND AV. TION STRESS-PSI STRESS-PSI STRESS-PSI STRESS-PSI 
STRESS ltlI?dlSuRFs MEASURED CORRECTED CORRECTED 

578 lbs. 
(17,OOQ psi) 

Loaded to 1020 Ibs. 

Jnlo%k":: %)lbs 
l (25,500 psi) 

Residual Stress 
Unloaded from 

1020 lbs. 

Loaded to 1713 lbs. 
(50,400 psf) 

hloaded to 1405 lbs 
(41,400 psi) 

Residual Stress I 
Unloaded, from 

1713 lbs. 

TABLE III (CONT'D.) 

St9 NOTCBEXI S.A.E. X&l30 STEEL 

ii 
+16,400 
+16,800 

: +17,200 
il7,4QO~ 

5 +18,000 

i 
+18,500 
+16,700 

: +21,500 
+21,300 

5 +19,400 

2' + - 3,200 
4,300 

3 - 4,100 
4 - 2,500 
5 - 500 

1 +37,300 
2 +35,100 
: +37,800 

+36,200 
5 +38,100 

1 + 1,700 
- 4,900 

: - 4,4OO 

z -I- + 2,800 200 

-3,500 
- 300 
+1,300 
+2,800 
- 500 

-1,300 
4,100 
-1,100 
-4,400 
-t 600 

+17,400 -4,230' 
+17;700 - 800 
+18,200 -i= 900 
+l8,300 +2,500 
+19,000 - 1,000 

-r-19,500 -2,000 
+17,700 -4,800 
-2,700 -1,800 
+22,600 -5,200 
+20,500 0 

- 500 - 3,400 
- 200 + 4,500 
- 300 i 4,300 
-1,600 - 2,600 
- 200 500 

- 400 
- 300 
- 200 
-1,500 
- 200 

-l- 300 +39,300 - 830 
-1,900 +37,200 -3,100 
+3,500 +g9,700 +2,600 
+ 500 +38,%00. - 600 
'f2,lOO +40,100 +1,100 

-2,100 
+2,100 
-4,9co 
+ 800 
-3,000 

. 

- 

. ---- 
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TgBLE IV 
. 

Longitudinal and Circumferential Stresses at Various_ Positions M 

Across the Weld (Along the Length of the Tube) 

Distance 
from Center SL -. SC - SL +- SC = s1 -I- s2 

Line of Weld 1000 psi 1000 psi. -(from normal 
Inches 

s1 + s 
1000 p:i 

exposure)- 
1000 psi 

at the 60' PosEtion of Circumference 

0.10 - 5s -14* -19* -35s 

-.05 -14 -3 -17 -28 

0 -2 +7 +5 +7 

+.05 -1 +3 +2 +2 

+.10 -8 -1 -9 -4 

+.15 -10 -5 -15 -26 

+.20 +22* +12* +34* +27* 

At the 275 0 Position of Circumference 

1.15 -32.6 -11.6 -44.2 -40 

-.lO -39.8 - 8.9 -48.7 -42 

a.05 -42.5 - 4.1 -46.6 -40 

a -15.4 - 4.5. -19.9 -16 

+,05 - 6.0 - 2.0 - 8.0 - 8 

+.10 - 6.8 - 4.0 -10.8 -11 

+..l5 . - 3.4 - 4.5 - 7.9 - 8 

+.20 - 3.0 - 6.5 - 9.5 - 5 

*doubtful - large rating 
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TABLE V 

Longitudinal and Circumferential Stresses at Various Positions 

Around the Center Line of the Weld 

Angular 
Position 
Degrees 

15 
20 
25 

3": 

2: 
50 

:: 

1% 

% 

E 
145 
15w 

1;5 
160 
195 
240 
285 
330 

%- 

1000 psi 

+3 
3-10 
- .2 
+9 
+9 
-3 
+6 
-15 
+3 
-2 
-18 
+6 
+I 
+6 
+3 

11: 
-20 
-15 
-18 
-10 
+13 
+9 
-18 
-17 

% - 

1acm psi 

+20 
+12 
+4 
+7 
+2 
+9 
+ll 
+4 
+19 
+7 
+10 
+25 
+2 
+8 

0 
+I2 
+4 

1; 
-14 
-3 
+30 
-14 
+2 
+1 

% + SC 
=S 1 + S2 
1000 psi 

+23 
+-22 
+2 
+16 
+11 
+6 
+17 
-11 
+22 
+5 
-8 
+31 
+3 
+14 
+3 
+9 
-13 
-25 
-20 
-32 
-13 
+43 

z$ 
-16 

SL + SC from normal 

exposure - 1000 psi 

Observer 1 Observer 2 

' +27 
+28 
+19 
+23 
+18 
+11 
+6 

0 
+18 
+7 
+l2 
+25 
-2 
+13 

0 
+3 
-21 
-37 
-24 
-31 
-22 
+45 
+9 
-21 
-12 

+4 
+18 
+18 
+25 
+36 
+27 
+40 

0 
+12 
+5 
+10 
+18 

1: 
-40 
-31 
-18 
-27 

-27 
-25 
+40 
-18 

+25 

+Qwo independent exposures taken 

-. 
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TAIBLE VI 

Stress-free Lattice Parameters at 'Various Pol,nts Across and 

Around the Weld, 

Around the Weld 

ktgular 
?osition 
legrees 

Lattice 
Parageter 

-A 
r 

105 2.86124 

125 
130 
135 
140 

'145 
150 
150 
155 
160 

195 2.86106 
.240 2.86075 
285 2.86123 
330 2.86100 

T Across the Weld at the 275' Po&tion 

Distance from Lattice 
Center Line of 
Weld - Inches 

Parapjeter 
-A 

-.15 2.86079 
-.lO 2.86101 
-.05 2.86103 

00 2.86104 
+.05 2.86111 
+.10 2.86112 
+.15 2.86112 
+.20 2.86100 

Across the Weld at the 60" Position 

0.10 
-.05 

00 
+.05 
+.10 
+.15 
+.20 

2.86149 
2186137 
2.86105 
2.86109 
2.86098 
2.86148 
2.86127 



SAGA-TN lo. 987 ' 51 

TABLEVIE 

Principal Stress Sum at Various Positions Around the Center 

regular 
'osition 

Iegrees 

0 
5 

1': 

zig ' 
30 
35 
40 
45 
50 
55 
60 

;: 
75 

8": 
90 
95 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 

sl + s2 
First 
Value 

-19.0 
0.0 

-42-5 
+ 4.0 
+18.0 
+18.0 
+25.0 
+36,0 
-I-27.5 
+40.0 

0.0 
3-12.0 
-!- 5.0 
+10-o 
-23.5 
-21.5 
- 7.0 

0.0 
+12.0 
+31.0 
-Ml.5 
+18.0 

0.0 

- 2: 
- 3.0 
- 4.0 
-40.0 
-31.0 
-18.0 
-27.0 
-27.0 
-25.0 
-14.0 
-14.5 
-23.0 

Line of the Weld 

1000 psi 

Second 
Value 

q29.0 
-1-23.0 
+40.0 
- 9.0 

-40.0 
-36.0 

-27.0 

Angular 
Position 

Degrees 

180 
185 
190 
195 
200 
205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 
260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 
345 
350 
355 

sl + s2 -1000 psi 

First Second 
Value Value 

- 2.0 
-18.0 
-39.0 
+40.0 
-16.0 
- 9.0 
-14.0 
- 4.0 
- 9.0 
-31.0 
-18.0 

'-12.0 
-18.0 

-1:*: 
- 3:o 
-14.0 
zg,'*," 
-20:o 
-36.0 
-40.0 
-16.0 
- 4.5 
-50.0 
-40.0 
-18.0 
-16.0- 
-14.0 
+22.0 
+25.5 
+45.0 
+31.0 
+12.0 
+ 7.0 
- 4.5 

+ 6.0 

-39.0 
i-40.0 

-13.0 
-31.0 

. 

. 
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Mamitude and Direction of the Princiual Stresses at Various 

Points Along One Portion of the Center Line of the Weld 

Angular 
Position 

Degrees 

125 

130 

135 

140 * 

145 

150 

155 

160 . 

% 

1000 psi 
S2 
1000 psi 

+ 3,000 0 

+25,OOO -10,000 

+ 8,000 - 6,000 

t16,OOO - 7,000 

+n, 000 -24,000 

- 2,000 -22,000 

-11,000 -21,000 

- 2,000 -l2,000 

Fgt: Fom L 1 
Degrees 

48 

133 

39 

71 

66 

106 

59 

72 

. 



NACA TN No. 987 Figs. 1$,3,4 

I---- w= 5-‘2Nl 
Figure 1.0 Strwaa distrib- ' 

tion in a notohed 
flat bar under tension 
(Cola and Filon) . 

1234563 
RATIO- w 

Figure 2.0 Effeot of bottom 
radius on etrees 

concentration in a flat bar 
having V notches as shown 
In Figure 1. ’ 

Figure 3.0 Stress distrib- 
tion in a notohed 

flat bar under tension 
(Goker and Filon). 

a 

-L 0 AWL +’ 
BEEUWKES 

L Y PREUSS -- 

--- FROCHT 

.2 .4 -6 -6 8 
RATIO- ZP/&, 

0 

Figure 4.0 Effeot of notch 
depth on stress 

oonoentration in a flat bar 
having semiciroular notohes 
a8 shown in Figure 3. 
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5 

L 

V I I I I I I I I t 

‘, ‘0 
RATIO- h/r 

I -2 3 4 s 

Figure 5.0 Eff8ot Of depth an8 
radius of notoh on 

strses oonoeatration in a flat. 
notched bar (derived from Frocht). 

KRAECHTER 

NOTCH DEPTH -IN. 

AREA REMOVED 07 NOTCH 

I- -~ 

-PERCENT 

0 20 40 60 80 I 
I 

10 

Figure 6.0 Eff8Ot Of depth 
and radius of 

notoh on stre& conoentra- 
tion in a flat notched bar 
(derived from Frooht). 

Figure 7.0 Effeot of notoh depth on stress 
concentration in pound notched 

bars. 



NACA TN Illo. 987 Pig. 8 

2600 2600 

Figure 8.0 Elastio longitudfn81 etreee dletribution for 
v&riOUe nOtoh Of differeot degthe. 



NACA TN No. 957 Figs. 9, 10 

(a) 0) Cc) 
FIGURE lo.-Diffraction patterns of SAE 54130 steel, stress relieved at (a) 1000° F., 

(b) 1250’ F., and (c) 1320° F., after normalizing from 1700’ F. 



NAOA TN lo. 987 Figs. 11,la . 

STRmGrH = 50,500 PSI - 
UL T/MATE S7REA’G7H= 84 500 PSI 

L 
0 07 02 03 04 &i 06 07 08 A9 LO 

ST..A/YV-” PERCENT 
Figure 11.0 8tr8SS 8trsin curvi for 89 x4130 steel 
reli8ved at ;t,;;g a;r oooled from 1700 P and streee 

- 

Figure 12.0 Tami eg8oimen. l,S3,3,4 - location 
of spots studied. 

. 



NAOA TN No. 907 Fig. 13 

Figure 13.0 8AE X4130 steel flat tensile 
test speQlmens. 



NACA TN Ko. 987 
Figs. 14, 15 

.q.. 
..- 
iz..-- .- -: .-- _... ._- 

FIQURE 14.-Special tensile testing machine. 

FIGURE 15 .--Special tensile testing machine in position to make oblique difkncf 
of duralumin tensile bar. 

Son patterns 



NACA TN No. 987 Figs. 16, 17 -. 

n 

FIGURE 16.-Back reflection cassette and pinhole q&em. 

FIQURE l?.-Back reflection camera with pinhole system in place and rocking mechanism. 



NACA TN No. 987 Figs. 18, 19, 20 

FIGURE lg.-Diffraction pattern showing spotty silver lines. 

w i, -- -: 

FIGURE 19.-Diffraction patterns showing (a) too little, (b) proper amount, 
and (c) too much silver. 

. 

FIQURE 20.-Typical duralumin diffraction pattern. 



NACA TN No. 987 Figs. 21, 22 

; -1 FIGURE 2l.-Special tensile machine 
in position for making longitudinal 

--. strain diffraction patterns from 
-- .- EM3 X4130 steel tensile bars. 



(a).4 ormal I ncidence 

DlPPRAGthO RAYS 

SAMPLE 

. 

I 

(b).-Oblique Incidence 

Figure 23a,b.- Focueing oonditions. 



XACA TI No. 987 rig. a4 
. 

rigure B4a.- Side Vi8U of foousin 
fdcusing oonditioas f 

sphere aboring non- 
or oblique iaoidenoe. 

&E-c- T/ON AA 
.- 

Figure 84b.e Top view of seotioa through minor diameter 
of focusing sphere showing focusing condi- 

tione for oblique inoidenoe. 



NACA TN No. 987 Figs. 25, 26 

FIGURE 25.-Comparator used in measuring.steel diffraction patterns. 

INTERRUPTED SMALL APERTURE TD 
INDEX LINE REDUCE PARALLAX 

FIQURE 26.;-Vie&g tube for comparator used in measuring duralumin diffraction patterns. 
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i.aa 1.24 1.28 1.88 1.30 238 1.34 1.M 
FLItlo Dlp/Drr from film 

rlgur~ a7r.o Ohut for orloulatlon of iron 18ttioo prruotor 

D& and OF.- 
fro8 rr8rurad dlffr8otl0n ring dluotor8 
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I I I I 
F/G. 28 a 

I I I I 
29 a 

Fign. a8,29,30 Fign. a8,29,30 
TRANSVERSE TRANSVERSE 

I I I I 
/ FIG. 28 & FIG. 28 & 

I I I I 
FIG.29 b 

Figures 28,aB,$O.- Yersured atress distributions in 20% notohsd 
a4-8H 4urahmin flrt tOXl8ile bar. 



r. /- 

fNJ7ML Y/EL 0 STRENG 7-n 

: ‘, 
’ ‘\ 
I .--A 
I 
I 
I 
I 

---e-m 

COHESWE S TREffGTH 

---- -m--e ----- 

. 

Figure 31.- Propwed slaetlo longitudinal etrsee distributions in 
notched temeile test bare with increatalng applied loade. 

(Sachs and .Lubabn) 



. 

. 

Figure 38.0 Residual strem dietributlon in SO% notohed 
240SH duralualn flat tsneile bw. 

FIG.33 a 
DSTUNCE ACROSS 

Fdgure 33.. Flotioloue eisetia etreem distribution for 
33,700 pei aver 

Y 
e 

duralumla flat tensile bar. 
load in 20% notahed 840SB 

residual d$etribution) 
lrbtual distribution mime 
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60 1: 
4u 

2u 0 9 

I I I ii 

! F/G. 94 a 

Figs. 34,35 
zemvSv~RsE 

rIguses 34,35.- ~ess~red etress diatributione in 25% notched 
8AE X4130 steel flat teneile bar. 

. 

. 



NACA TB Ho. 987 Figa. 36,37 
TRANrS VERSE 

F/G 36 a 
D/STANCE ACROSS /I/OTC’ -/lI! f/G 36 b 

Figure 36.- Residual strese distribution in 25% notched 
SAF, X4130 steel flat tensile bar. 

FK 37 cl 
D/STANCE ACPOSS NOTCH-i!N F/G. 37 ’ 

Figure 37.9 Fictitious elastic stress distribution for 
50,000 psi average load on 25% notched SAE 

X4130 steel flat tensile bar. (Actual distribution minus 
residual distribution). . 
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NACA TN No. 987 Fige. 39,39 
LONGITUDNAL TRA/VSVE’SE 

Figure 38.0 Hypothetloal etress dietrlbutlon $0~ 10,500 pei 
average elastic relief of 70,000 psi average 

losd on 25% notohed SAE X4130 flat tensile bar. 

LOAtG/TUD/‘NAL TRAMSVERSE 
80 I I I 

Y/EL0 StREN67H 

F/G. 3s a DISTA/VCZ- ACROSS NOTCH -I... fm 3s b 

Figure 39.0 A&xaaX 6trew~ distribution ourve for 70,000 
psi average load on 25% notohed 8AE X4130 

flat teneflet bar (measured distribution plw bypothetloal 
dietribution). 



. 

” 

NACA Tk No. 987 
LONG/TUD’AfAL 

Figs. 40,41 
T’RANS VERSE 

F/c 40 a DISTANCC ACROSS 
Figure 40.0 Residual stress distribution in 25% notohed 

SAE X4130 steel flat teneile bar. 

I I . I I I I Y 
~2, t4 06 88 02 04 a6 F,a841 f 

DISTANCf ACWSS NO-TCH-in! . 
Figure 41.0 Fiotioious elastio stress distributions for 

70,000 psi average load on 25s notohed SAE 
]i4130 flat tenaile bar, 
residual distribution). 

(Aotual distribution minus 
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F/G. 44 a 

Fige. 42,48,44 

TRANS VERSE 

ii/G. 42 b 
. 

--F/6. 43 
. 

Figures 42,43,44.- Yeasurad rtrero dietribution in 5% notohed 81iE 
x4130 rte~l fist tenrile hr. 



NACA TN No. 987 Figs. 45,46 

Figures 45,46.- Residual stress distribution in SAE X4130 
steel 5% notched flat tensile bar. 
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I 

I 7 

-_ 

Obliqun tram&x 
.- -- 9 

Oblique longituchal Normal 

FIQUFLE 47.~DitTraction patterns from notch bottom to center~of epecimen (top to bot- 
torp)for 50,000 psi average load on 25 percent notched S.&E X4130 steel tede specimen. 



NACA TN No. 987 Figs. 48, 49 

FIGURE 48.-Arerage circumferential stress F-alues of butt-welded SARI 54130 tubing. After 
acetylene welding, tube was machined inside and out to .05o" wall thickness. 

FIGURE 49.-Macrostructure of the weld and idjacent material, showing the various 
heat-affect&d zones. 
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82 03 04 B 06 6!7 6?8 Q9 29 
LWX’AME fR’ CEMER i/M Df WElO -l! 

F&RE [il.-V~ietion of microskuetms rdong an element of the butt-welded tube. 



NACA TN .No. 987 Figs. 52, 53 

0 t2 
FIGURE 52.-Direction of the incident beam for various types of exposures. 

FIGURE 53.-The goniometer used to hold the welded tube in the proper position relative to 
the X-ray beam. 



NACA TN No. 987 Fig. 54 

1 2 3 4 5 - 6 

Rating of the iron lines (inset set). 

FIGURE 54.-Illustration of the qualitative rating system used to indicate the measurability 
of S-ray films. 
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l0 a8 86 04 QZ 0 02 Q4 Q6 Qd 10 
D/STANCE FROM V/SC/AL CENTTR 

Pigure 66.- Yarlstion &or086 the weld of the condition 
the meaeurablllty of the X-ray films. 

I I I 
ELEMENT-B 

of the metal aa it affeotm 

I 
o FIRST OesERVL-R 

I I I I I I I a SEmw OssERI/ER I I I I 

ClRCUMFEREMT/AL PUSITZ!! -DEG/?EES 
Figure 57.- Variation around the weld of the condition of the metal a~ It affeots 

the meseurablllty of the X-my films. 

* A&WXW?Y, QOWZRTNE /kZW/b?L W ZU!- SUR38/UV OF TN.. flLM FaR MEA&X’mfl 
UATfNG 1 /ND/AX-S A SHCPRP, WLrL L-DfF/NED &PHA DOUBLLT. 
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NAOA TN No. 987 
60 o POS/T/O/V 

F/RS7-05Sc-Rv-R 

SL 

$+& (COMPUTE-D FROM 
NORh?AL PATERN ONL Y) 

POS/T/ON ACROSS WELD--/N. 
-15 .I0 -05 5e .ULiU ,.I5 .20 

Figure 56.0 Longitudinal and 0irOumferential stressee at 
varfous point8 amoms the weld. 
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b. 

I I I I I I I I 
I25 730 135 jr40 145 15D 155 160 

ANGULAR POS/T2WVd~GREES 

125 73 135 730 745 150 155 760 125 730 735 740 f45 750 155 160 
ANGULAR POS/TfOff -DEGRE’S 

Figure 59.0 

line of the 
Magnitude and dire&ion of the prinolpal stresme 
at varioue points along one portion oi the ornter 
reld. 


